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a platinum disc, P. Bis aside tube, at the end of which is the 
arrangement described in my book on “ Positive Rays,” by 
which a photographic plate could be exposed to the radiation 
in the tube : a slit was placed in front of the plate, so as to 
get a definite image. The plates used were Schumann piates 
or plates specially prepared for me by the Paget Plate Com- 
pany ; these are not so sensitive to the radiation as the Schu- 
mann plates, and require a longer exposure ; when, however, 
the radiation is strong enough they are more convenient to 
work vith. Land M are two pairs of parallel plates 6-5 cm. 
long and 1 mm. apart, placed so that any radiation coming 
from A and striking the plate P must pass between L, while 
any radiation from P must pass through M before it reaches the 
photographic plates. These plates could be connected to a 
large battery of small storage cells, and a potential difference 
of 1,000 volts established between the plates in either pair. 
When the positive rays were striking against the plate an 
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Fig. 1. 


exposure of a Schumann plate for an hour gave a dense 
photograph of the slit, showing that something was comin 
down the side tube which could affect a photographic lato. 
There are many well recognised types of radiation see et 
in A, and it is necessary to make further experiments to see 
if the photograph is produced by these or by some new t , 
of radiation. It might be suggested, for example that the 
effect had nothing to do with positive rays passing through 
the cathode to P, but was produced by ultra-violet li bi ae 
Réntgen rays generated in the discharge-tube which . ed 
through the aperture in the cathode, and wen then om rN 
from the platinum plate. If this were the case. since neith ; 
ultra-violet light nor Réntgen rays are deflected b yan ele t ic 
field, the intensity of the photograph should ,, the ce 
S he same 
whether the P.D, between the plates in L was zero or 1,000 
, ? 
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volts. It was found, however, that the photographic effect 
almost disappeared when there was a P.D. of 1,000 volts 
between the plates, showing that the effect is due to the posi- 
tive rays. The effect, though reduced to a small fraction of its 
former value by putting on 1,000 volts, is yet not entirely 
eliminated. The small residual effect is due, I think, to the 
fact that the positive rays, except at the very lowest pressures, 
do not remain constantly positively charged, but alternate 
from the charged to the uncharged condition : thus a few of 
them might remain without charge all the time they were 
between the plates and thus escape deflection ; after passing 
through the plates they might re-acquire a positive charge 
before striking against P. I think this is more probable than 
that the residual effect is due to ordinary Réntgen rays or 
ultra-violet light produced in A, for the rays, as we shall see, 
are too easily absorbed by white fluorite to be ultra-violet 
light, and by thin mica or collodion to be ordinary Réntgen 
rays. Another proof that the effect is not due to stray radia- 
tion from A is that it disappears entirely if C is made anode 
instead of cathode. 

One of the effects of the impact of positive rays against a 
metal plate is to make the plate emit slow cathode rays, and 
it might be thought that the effect on the photographic plate 
was due to these rays, starting from P and travelling down 
to the plate. It this were the case, then putting a P.D. of 
1,000 volts between the plates in M ought to stop the effect 
entirely. I find, however, that the photographs are just as 
dark when 1,000 volts are on the plates as when they are at the 
same potential. This seems a conclusive proof that the radia- 
tion which affects the plate is not a corpuscular radiation or a 
form of positive rays, but is analogous to light or Réntgen 
radiations—that, in fact, Rontgen radiation is produced by 
the impact of positive rays against a solid. heey 

This radiation is unable to penetrate even the thinnest films 
I have been able to procure of substances such as collodion, 
mica, paraffin-wax, aluminium, or white fluorite. When part 
of the slit was covered with one of these films it entirely 

stopped the radiation through that part of the slit. This 

radiation can be reflected, for if a shit of the kind shown in 

Fig. 2 is put in front of the photographic plate, it is found 

that the plate is affected not only underneath A, but also on 

the part to the left of the opening B. Part of this reflected 

radiation is corpuscular, as it is affected by a magnet; a part 
A2 
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of it is not so affected, and so must, like the incident rays, 
be a form of Rontgen radiation. 

I should estimate the velocity of the positive rays at about 
2x 108 cm./second ; the impact of cathode rays possessing the 
same energy as these would generate a very hard type of 
Réntgen ray; the type of Rontgen ray generated by the 
impact of positive rays more nearly resembles that produced 
by cathode rays with the same velocity, but much less energy 
than the positive rays. f 

I now pass on to consider the production of soft Rontgen 
radiation by the impact of slow cathode rays. The arrange- 
ment used is shown in Fig. 3. C is a Wehnelt cathode—a. 
thin strip of platinum foil with a patch of barium oxide 
deposited on it by burning away a speck of sealing-wax. 
The anode A is a piece of brass rod with a hele bored through 
it, through which the cathode rays pass on their way to the 
target B, a copper plate which is at the end of, and in metallic 
communication with, a cylinder of wire gauze. The variation 


B A 


a ae 


in the speed of the cathode rays was produced by putting 
between the gauze and the anode an E.M.F. tending to stop 
the rays. Thus, if V, is the P.D. between the anode and the 
cathode, V, that between the anode and the gauze, the energy 
of the cathode rays when they strike the target is proportional 
to V,—V,. This method of varying the energy of the rays 
was found to work better than altering the potential between 
the cathode and the anode, as the emission of cathode rays 
from C was much more regular with a constant P.D. between 
the anode and cathode. 

To detect the radiation coming from the target, a cam-ra 
similar to that used in the previous experiment was placed at 
the end of the side tube T. A slit was placed in front of the 
plate, and half of it covered by thin slices of paraffin-wax, 
collodion, mica, glass, or fluorite so as to estimate the pene- 
trating power of the radiation. A magnet was placed between 
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the target and photographic plate so as to deflect from the 
latter any corpuscular radiation from the target. The vacuum 
was made as low as possible by means of charcoal and liquid 
air; it was so low that no luminosity could be detected 
between the anode and the target. The plates used were 
Schumann plates ; the Paget plates were not sensitive enough 
to detect the radiation from the slowest cathode rays, though 
they gave good photographs when the rays fell through an 
effective potential of more than 100 volts.* The times of 
exposure, which varied from 1 minute to 2 hours, were chosen 
so as to make the energy in the cathode rays striking against 
the target during the time of exposure constant: thus with 
cathode rays which had fallen through 20 volts, the time of 
exposure would be 10 times that for those which had fallen 


Fia. 3. 


through 200 ; the latter gave quite dense photographs with an 
exposure of 2 minutes. 

I have obtained photographs with cathode rays whose 
energy ranged from 10 to 600 volts, and there would be no 
difficulty in getting those corresponding to higher voltages 
by using larger batteries to produce the main discharge. 
These photographs are not due to ordinary light coming 
from the discharge-tube, for (i.) they are not obtained when 
the beam of cathode rays is deflected by a magnet from the 
target, and (ii.) the rays which produce them are unable to 
penetrate exceedingly thin films of glass To test whether 
they were due to a corpuscular radiation from the target two 
methods were employed. First, a magnet was placed between 
the target and the photographic plate, so as to deflect the cor- 
- pusctilar radiation from the plate; this did not affect the 
photographs. The second method was to place between the 


* Since this Paper was read I have, by using a more copious supply of 
cathode rays, been able to get photographs at the lower voltages with Paget 
plates. 
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target and the photographic plate a pair of parallel plates 
similar to those used in the first experiment with positive 
rays, and apply to them a P.D. of 1,000 volts. The intensity 
of the photographs was not diminished when all the radiation 
which struck the plate had passed through this strong electric 
field, which would have stopped any charged particles. ie 

With regard to the penetrating power of this radiation, 
when it is produced by cathode rays with less energy than 
40 volts, I have never been able to detect any photographic 
effect behind a film of collodion thin enough to show the 
colours of thin plates, paraflin-wax 4 « thick, mica, or thin 
fluorite.* When the energy corresponds to 80 volts the effect 
behind the paraffin and collodion is appreciable, while with 
200 volts and more there is very considerable penetration of 
the collodion and paraffin by the rays. 

The great opacity of very thin films suggests that the 
frequency of the rays may be within the limits of those vibra- 
tions which, according to the usual theory of dispersion, are 
totally reflected by a medium. 

According to this theory, if the medium has only one free 
period of frequency n, it is impervious to light, whose frequency 
p is given between the limits given by the equation, 


and P=r+—, 


when N is the number of electrons per unit volume, e and m 
are respectively the charge and mass of an electron. This 
relation applies when the wave-length is large compared with 
the distance between the molecules ; and the limits ot opacity 
depend on the degree of closeness with which the molecules 
are packed: for example, in a gas they depend upon the 
pressure. In the case of Réntgen rays when the wave- 
lengths are small, or even comparable with the distance 
between the molecules, the case is different. The effect ot 
matter in this case is not so much to increase the refractive 
index as to scatter the radiation, and this scattering will be 
greatest when the atom is impervious to the radiation. If we 
apply the equation to the atom itself it indicates that the atom 


* With larger currents from the Wehnelt I have been able to detect the 
photographic effect of the 40 volts rays behind thin collodion and mica, and 


also to detect the photoelectric effect and ionisation due to the rays which 
had passed through the films, 


™ 
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would be impervious to, and therefore scatter strongly, rays 
whose frequency is between limits which depend on the density 
of the electrons within the atom, and not on the closeness 
with which the atoms are packed. 

When there are more frequencies than one intrinsic to the 
atom, there will be several regions of great opacity separated 
by intervals of comparative transparency. 

I am indebted to my assistants Mr. Everett and Mr. Eagle 
for the assistance they have given me in these experiments. 
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IL. On the Measurement of the Temperature Coefficient of 
Young’s Modulus for Metallic Wires, with Special Applica- 
tion to Nickel. By %. Puri Harrison, Ph.D., F.RAS.E., 
Indian Educational Service, Professor of Physics, Presidency . 
College, Calcutta. 


RECEIVED May 28, 1914. 


Introduction. 


Tue problem of finding the variation of Young’s modulus 
with temperature has always presented considerable difficulty, 
partly because small changes in temperature produce elonga- 
tions in the material comparable with the stretches to be ob- 
served-on loading and partly on account of the effects of the 
“after effect ” (elastische nachwirkung) which becomes appa- 
rent at high temperatures. 

To these special difficulties must be added the complexities 
common to the measurement of all elastic constants, such as 
anomalous changes in elasticity due to variations in the methed 
of loading and annealing, or to the effect of the time during 
which a material has been subject to stress before its elasticity 
is measured. The fact remains that very little work has been 
published on the elastic constants of metals above 200°C., and 
none at all, so far as the present writer can discover, on nickel. 

Of the earlier researches on the effect of temperature on 
elasticity the most important are those of Wertheim,* Pisati,+ 
Katzenelsohn,} Macleod and Clarke.§$ 

Pisati investigated Young’s modulus for iron up to 300 deg., 
and expresses his results by means of a third degree empirical 
formula which shows a gradual diminution in the modulus as 
the temperature rises. Katzenelsohn experimented at lower 
temperatures, and Macleod and Clarke by heating a tuning 
fork and observing its changes in frequency deduce that the 
adiabatic modulus for steel decreases uniformly within the 


limits of their experiments. Wertheim also used an acoustical 
method. 


* Wertheim, ‘‘ Ann. Chim. Phys.,” (3), Vol. XIL, 1844. 


t Pisati, ‘‘ Gaz. Chim. Ital.,” Vol. VIL., p-1; “ Nuovo Cimento” (3), 4, 
152, 1878 ; and 5, 34, 1879. 


t Katzenelsohn, “ Beiblatter,” 12, p. 307, 1888. 
§ Macleod and Clarke, “ Phil. ‘Trans. R.S.,” Vol. CLXXI., Part 1, 1880. 
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Of more recent researches concerning the effect of tempera- 
ture on Young’s modulus only (apart from the important work 
of Horton and of Meissner on the rigidity modulus, or of Mallock 
on the bulk modulus) the following bear directly on the sub- 
ject of this Paper :— 

Miss Noyes * used a horizontally mounted wire, the distance 
between two scratches on which was determined by reading 
microscopes. The load was applied by adding weights to a 
scale pan connected to the wire by a string passing over a 
pulley on anti-friction rollers. Heating was effected, some- 
times by a steam or hot-water jacket, sometimes by an elec- 
tric current, and the experiments did not extend above 180°C. 

It is claimed in the first Paper that Young’s modulus varies 
with the temperature differently according to the method of 
electric heating employed. If the wire is heated by passing a 
current through it the modulus reaches a maximum at some 
temperature below 100 deg., but on heating by surrounding the 
wire with a helix conveying a current the modulus decreases 
uniformly with rise of temperature. 

In the second Paper, using larger loads, the modulus was 
found to decrease uniformly whatever the method of electric 
heating. The author concludes that no detectable difference 
in the thermal coefficient is produced by magnetising the wire 
longitudinally or circularly. 

Shakespear 7 used an interference method for measuring 
the stretch, and was thereby enabled to reduce the length of 
his specimen. The wires were heated by a steam jacket, and 
the temperature was measured by mercury thermometers. 

He found that after a first heating the modulus was greater at 
higher than at lower temperatures, but that on repeated heat- 
ing and cooling the material settled down to a steady state, in 
which Young’s modulus decreased with rise of temperature. 
Gray Blyth and Dunlopf determined the variation of Young’s 
modulus with temperature between 20 deg. and 100 deg. They 
used vertical wires 5 metres long, and heated with a steam 
jacket, reading the stretch with reading microscopes. Tem- 
peratures were measured by thermocouples. No maximum 
was found within the limits of their experiments, the results of 

which were similar to those of Shakespear. 


* Noyes, ‘‘ Physical Review,” Vol. II., 1895, and Vol. ITI., 1896. 

+ Shakespear, ‘“‘ Phil. Mag.,” Vol. XLVII., 1899. 

+ Gray Blyth and Dunlop, ‘“ Proc. B.S.” Lond., Vol. LXVIL, 1900, 
p. 180. 
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The modulus for steel at high temperatures was determined 
by Hopkinson and Rogers,* who heated a specimen 3 in. in 
diameter and 4in. long in an electric furnace. The experi- 
ments were carried up to 750 deg. in an atmosphere of nitrogen. 
Only six values of the modulus are given between 0 deg. and 
750 deg., so that the authors are not In a position to express 
their results by means of a formula, but they find a decrease 
with rise of temperature and some evidence of a sudden in- 
crease in the temperature coefficient at 600 deg. 

The difficulty of the experiments is increased by elastische 
nachwirkung, which is shown to increase with temperature. 
The authors claim definite values of the modulus even at 
600°C. or 700°C., since they always used the “ instantaneous 
extension ” produced on first adding a load. 

Wassmuth,} using a nickel wire, finds a value for the tem- 
perature coefficient up to about 100 deg. equal to 3-26 10~*. 

A series of Papers by H. Walkert describe experiments on 
Young’s modulus between 0 deg. and 180deg. A horizontal 
wire method is used, similar to that employed by Miss Noyes 
(Joc. cit.), whose results are to a large extent confirmed and 
extended to other metals. The temperature of the wires was 
measured from their observed resistance, the resistance tem- 
perature coefficient being known from previous experiment. 

The experimental portion of the wire used by Walker was 
about 1 metre long. It was enclosed in a glass tube, and the 
scratches on the wire were observed by microscopes through 
two holes bored in the glass. 

The main results are as follows : When a metal is heated by 
the ordinary method (water jacket or vapour bath) Young’s 
modulus decreases uniformly with rise of temperature ; when, 
however, the temperature is varied by passing a current 
through the wire, the resulting variation in the modulus 
depends on the load employed. When the latter is large the 
modulus changes as it does when heated ordinarily ; when the 
load is small both magnetic and non-magnetic metals show 
irreversible changes, which decrease to zero as the load is 
increased. Moreover, for small loads the modulus reaches a 
maximum below 100 deg. for electric heating only. 

i tte and Rogers, “ Proc, R.S.” Lond., Series A, Vol. LXXVL., 
; ene “ Akad. Wiss. Wien Sitz. Ber.” 115, 2a, pp. 223, March, 


fH. Walker, ‘ Proc. B.S.” Edin, 27, Part 4, No. 34, 1907: 2 
No. 40, 1908 ; 31, Part 1, No. 10, 19LL ; Bed 5 So oe 
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Method employed in the Present Experiments. 


‘The investigation described in this Paper was undertaken 
with the object of determining Young’s modulus for nickel 
near its magnetic critical temperature, and was suggested by 
the fact that an anomaly in the temperature coefficient of 
expansion of that metal had been shown * to exist at about 
370 deg. (a peculiarity subsequently investigated by Randall, 
and confirmed by Colby,t who used a Pulfrich interferometer). 
In my own experiments referred to above the wire under 
test had been stretched by a spring, the expansion coefficient 

at all temperatures being measured when the specimen was 
in a state of tension. It is a matter of some interest to dis- 
cover to what extent, if at all, the expansion coefficient is 
modified by the existence of a load on the wire ; one way in 
which this information can be obtained, apart from direct 
experiment, is by determining the temperature coefficient of 
Young’s modulus and deducing therefrom the value of da/dT, 
where a is the linear expansion coefficient of a metal under 
tension T. Thus a determination of Young’s modulus at 
different temperatures up to 500°C. would supply the required 
information as to the relation between stress and the expansion 
coefficient, and, in addition, might be expected to decide 
whether or not any anomalous features exist in the neighbour- 
hood of 370 deg. 

To determine the stretch for a given load with the required 
accuracy in a length of wire sufficiently small to ensure reason- 
ably uniform heating is a problem to which the optical method 
used by Shakespear is perhaps the best adapted; but the 
arrangements are elaborate, even at ordinary temperatures, 
while above 100 deg. the experimental difficulties are materially 
increased. It was, therefore, decided to use the reading 
microscope method, which had proved entirely satisfactory in 
finding expansion coefficients, and to modify the apparatus so 
that the necessary accuracy in the measurement of the stretch 
could be obtained on about 20 cm. of wire. 

In view of the work of Miss Noyes (loc. cit.) it was thought 
legitimate to ignore the effects, if any, of circular magnetisa- 
tion ; consequently the specimen was heated directly by an 
electric current, its temperature being determined from its 
resistance. By using so short a length of wire the chance of 


* Harrison, ‘‘ Phil. Mag.,” June, 1904. : 
+ Colby, “ Phys. Review,” 30, pp. 506-521, April, 1910, 
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“ patchy ” heating due to inequalities in radiating power of the 
metal was much reduced, while pseudo stretches caused by 
want of periect straightness in the wire are also negligible. 
Wi s 1 metre, such as was used by 
ith a length of wire so great as ; : 
both Miss Noyes and Walker, it appears almost impossible to 
eliminate the chance of such sources of error in measuring the 
modulus, especially at temperatures below 300 deg. or 400 deg. 

As regards the position of the specimen to be tested, the 
alternative of suspending the wire vertically and hanging 
weights on to its end was discarded in favour of a horizontally 
stretched wire, for the following reasons :— . 

1. Uneven heating would be less likely to occur owing to the 
absence of air convection currents. 

2. Errors due to “ sag ” are negligible in so short a length as 
20 cm. ; in any case such errors could be calculated and allowed 
for (see Searle, ‘‘ Experimental Elasticity,” p. 88). 

3. The difficulty of applying the stretching force and of 
estimating the effect of friction when the load is not applied 
directly to a freely hanging wire was overcome by means of a 
special apparatus designed for the purpose, in which a spring 
under compression was used to produce the stretching force. 
Moreover, various associated evils, familiar to anyone who 
has worked on the subject, were completely eliminated, such, 
for instance, as sudden jerks in the stretched wire, or the diffi- 
culty of keeping the wire continually in focus when taking a 
series of readings over a large range of temperature. 

To sum up, the method used was to observe by means of 
reading microscopes the elongation of about 20 em. of the 
central portion of a horizontally-stretched wire, heated elec- 
trically. 

The temperature was measured by observing the resistance 
of the wire, and the stretching force was applied by a cali- 
brated spring in conjunction with an apparatus specially 
designed to avoid friction and “ wobbling.” 

It was decided that a pair of reading microscopes (1 in. 
objectives) with good micrometer eye-pieces were preferable 
to any form of microscope moving along a mechanical slide, 
since the former, in the first place, afford greater accuracy in 
reading, and, in the second place, the fact that the microscopes 
themselves are fixed during a series of measurements reduces 
the chance of accidental displacements to a minimum. In 
these circumstances, if the horizontal wire method is to give 
reliable results, the first necessity is for the specimen of wire 
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to remain always in focus, notwithstanding changes in the 
stretching force or expansion by heat ; for any readjustment 
of the focus is likely to alter the relative position of the micro- 
scope tubes, and thereby vitiate the results. To attain the 
required perfection in “ focus” is was necessary to ensure 
that the wire when stretched or expanding should move truly 
parallel to itself. . 

Many attempts were made to apply the stretching force by 
means of weights hanging over systems of pulleys (Noyes and 
Walker), or by means of spring balances of various patterns, 
-but im every case the results were more or less unsatisfactory. 
Subsequently, as above remarked, the load was applied by a 
spring In compression, one end of which was fixed indirectly at 
one end of the experimental wire and the other to the other 
end. (See Fig. 1 (a), which is diagrammatic, and merely shows 
the principle of the arrangement.) The end a of the wire is 
fastened to a rod projecting centrally from and rigidly attached 
to the tube T. ‘TT slides inside another tube T’, to which the 
right-hand end k of the wire is fixed ; thus, if a spring, C, in 
compression is inserted between flanges A and B on the left- 
hand ends of the two tubes, the wire is subject to a tension 
inversely proportional to the distance AB. A large number of 
measurements of Young’s modulus at different temperatures 
were made with an apparatus of this type, in which the tube 
T slid without appreciable “ shake ” inside T’, the sliding sur- 
faces being very accurately turned and polished; but diff- 
culties due to friction, though not so great as might be imagined, 
were nevertheless considerable, and the apparatus was aban- 
doned in favour of the modification described in the next 
section. 


Detailed Description of the Apparatus. 


The apparatus finally evolved is based on the above prin- 
ciple, but instead of the tube T sliding inside TY in the ordinary 
way, a system of ball bearings was introduced in a manner 
which will be best understood, perhaps, with the help of the 
diagrammatic sketches shown in Fig. 1 (a) and (6). 

The tube T is provided with two flanges, XX’, one at each 
side, which project freely through two horizontal slots (one of 
which is indicated by the dotted line in Fig. 1 (a) in the sides 
aizlY). 

a, b, c, dare plates rigidly attached to T’ and parallel to the 
flanges. In the top and bottom surfaces of the flanges are 
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machine-cut grooves parallel to the axis of the tube T, while 
corresponding parallel grooves run along the length of the 
approximating surfaces of the plates ; thus between XX’ and the 
four plates four ball races are formed each occupied by a series 
of small steel bicycle balls. 

The tube T is thus enabled to slide within T’, supported and 
guided by accurately parallel machine-cut ball bearings, with 
the restilt that the “ focus ” difficulty disappears, while at the 
same time all jerks and vibrations in the expanding wire are 
stopped and friction is reduced to a remarkable extent. The 
“projecting end of T whose centre of gravity in the actual appa- 
ratus is well outside and to the left of T’ | Fig. 1 (a)|is supported 
by a plate, P, bearing by means of another parallel pair of ball 
bearings on a thick adjustable brass “table” N. This last 
detail was found to be essential to the success of the apparatus, 
since without it the bearings between T and T’ are apt to jam. 
When the instrument is in adjustment and the races well oiled 
the efficiency of the arrangement is very striking and, in the 
opinion of the writer, has rendered the horizontal wire method 
a most accurate and-convenient one for the measurement of 
Young’s modulus, or of an expansion coefficient. 

The above is a description of the principle on which the ball- 
bearing system was introduced. Many details have been 
omitted for the sake of clearness, but a drawing to scale of the 
complete arrangement is seen in Fig. 2 (a), the lettering 
of which applies also to the diagrammatic sketches in Fig. 1 
(a) and (6). It will be seen that in practice the left-hand end 
of the wire is attached to a rod, 7, which passes through a long 
hollow square threaded screw, ss. The rod r can be clamped 
at M or can slide freely without “‘ shake ” inside the screw. It 
is useful for purposes of adjustment. The steel compression 
spring C which applies the load to the wire bears on a screw 
nut A, working on ss while the nut A (and therefore the screw 
itself and the left-hand end of the wire) is attached to the 
sliding tube T. The nut is enabled, when it is screwed along 
ss to turn freely inside the tube T by means of the groove g, 
into which projects a screw, p; this arrangement allows A to 
rotate relatively to T but prevents relative motion along the 
axis of the tube. The reason for introducing the screw ss and 
the nut A is in order that the tension of the spring may be 
varied at will. It is clear that if A is screwed (say) from left 
to right—the right-hand end of the wire (not shown) being 
attached indirectly to T’—the spring is compressed and the load 


PROF. E. P. HARRISON ON THE TEMPERATURE 


16 


aes | a eee “pe Whee RECT - me ZZ. *% 
sa Ld ag 7 LLL) 


|| 


M 


(q)% ‘la 
: ‘A WY NOILOIS SSOuD 


eee 


: at 
= Se 
‘(v) & “OL 
‘NOILOSS NVIGAW IWNIGNLIDSNOT N 
Y jeer 
4 oJ g 
ths RR IG 0 0 0,0 bo oe ee 


VM, a 
= aa 


Wl 


OOO aS SOMO SSL ol 
pL LZR LLL LLL Lief MLL Sc 


uy 
me Z 
‘OZIB [NJ TPH 2 aBog 


COEFFICIENT OF YOUNG’s MODULUS. LT 


on the wire increased, while if A is moved in the opposite 
direction the load is reduced. 
A-water jacket, -W (only a portion of which is shown in 


Fira. 3 (a). 


VOL. XXVII. 
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Big. 2 (a) ), completely surrounds the wire and prevents 
the latter from heating up the reading microscopes and other 
_apparatus. The right-hand end of the wire is fixed to the 
right-hand énd of W. The simplest way to look at the some- 
-what complicated arrangement is to regard T, A, S and 7 as 
‘one system and B, T’ and W as another system capable of 
sliding freely relatively to one another, the two systems being 
tied together by the experimental wire and forced apart by 
the expansion of the spring C. 
Fig. 3 (a) gives a general view of the whole apparatus, includ- 
ing the water jacket which surrounds the experimental wire. 

The end piece Eis shown in detail in Fig. 3 (), and is necessary 

in order to insulate the two ends of the wire from one another, 
for the left-hand end is obviously in electric contact with the 


water jacket. E consists of a brass plate, b, carrying a clamp, ¢, 
separated by an ebonite block, e, from the brass cap / which 
screws on to the end of the water jacket. Thus, when the end 
piece is in position and the wire clamped at C, a heating current 
can be passed between K and K’. 

Four holes, h and h’, l and I’, pierce the water jacket. The 
former pair are for viewing the scratches on the wire ; the latter 
are for illuminating purposes and for bringing out the potential 
leads used in the resistance measurement. 

Fig. 4 is a cross-section of the water jacket through h and 1 
(or h’ andl’), showing the way the leads are brought out through 
glass tubes ¢, which do not interfere with the illumination. 

The whole apparatus as shown in Fig. 3 (a) was mounted on 
the massive bed of a large comparator by Nalder Bros. with a 
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pair of microscopes which could be firmly clamped in any posi- 
tion. In order to illuminate the reference marks on the experi- 
mental wire, two straight-filament electric lamps were supported 
near the illumination holes/and /’. Each lamp was completeiy 
surrounded by a cylindrical water jacket pierced with a hole 
through which the light could fall on the aperture / or /’ in the 
apparatus. The water circulation was found necessary to 
avoid heating the microscopes and the observer. F 
_ The water jacket of the main apparatus as well as those of 
the two lamps were in series with a coiled tube surrounding a 
standard manganin resistance used in connection with the 
resistance measurements ; a continuous flow of water was kept 
up through the circuit during a series of observations. 


Experimental Details. 


General.—In making a measurement of the modulus at any 
temperature previous observers appear to have applied a 
definite load to the specimen and then to have read off the 
resulting elongation. The measurement was then repeated 
several times with the same load and the mean value of the 
stretches so observed was used to calculate the modulus. 

The method used in the present research was to plot a load- 
elongation graph at each temperature, using a series of loads 
the greatest of which was well within the elastic limit* at that 
temperature. The probable error in the determination of the 
modulus obtained in this way is less than when a single load is 
applied, while additional information is supplied at each 
temperature as to whether Hooke’s law is holding or not. The 
conclusion of Walker, for instance, that the elastic thermal 
coefficient is different for small loads from what it is for larger 
loads, is the same thing as stating that the load-elongation 
graphs are not linear over that range of temperature. 


Measurement of the Stretching Force. 


Calibration of the Spring.—By removing the cap E and 
attaching the wire, which thus passes freely out of the end of 
the water jacket to a specially constructed spring-balance 
arranged horizontally, the spring C was calibrated in situ under 
exactly the same conditions which prevail during an actual 
measurement of the modulus. 


* See remarks on p. 27 ag to the meaning to be attached to this 
expression. 


B2 
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The distance apart in centimetres of the flanges A and B 
(Fig. 1 (a) ), was observed during the calibration. 

The spring balance, in which friction was practically negli- 
gible,* had been previously calibrated in a vertical position, 
using 100 gramme steps. ; ; 

The final calibration graph for spring C in which the distance 
between A and B was plotted against the tension of the spring 
in grammes weight proved to be a perfectly straight line within 
the limits of accuracy sought; this forms a good indication of 
the uniform nature of the extremely small frictional resistance 
of the ball-bearing slides. 

Temperature Coefficient of the Spring.—An approximate 
measurement of this was made between 28°C. and 45°C. The 
maximum change in the temperature of the spring during one 
of the main experiments on Young’s modulus was less than 
5 deg., and it was found that the correction to be applied to 
the stretching force on account of changes in the elasticity of 
the spring was negligible. 

Estimated Accuracy.—The distance AB was measured with 
a steel millimetre scale to +4, mm., and, owing to slight 
mechanical irregularities in the flanges, was probably not 
correct to withm + mm. This means that the estimated 
error on a single observation of the force as read off from the 
calibration graph is equal to 20 grammes weight. 

Measurement of the Elongation. 

Considering the excellent definition of the microscopes and 
the fact that the wire when once mounted and annealed never 
got out of focus, it was found better to use small natural marks 
on the wire as reference marks than to make artificial scratches. 
This method was not subject to accidental errors due to mis- 
takes in identifying the marks, since any such mistakes would 
be detected at once when the load elongation graphs were 
plotted. 

In all measurements the positions of the reference marks on 
the wire were read in terms of the, “teeth” and fractions 
thereof in the micrometer eye-pieces ; the readings were sub- 


sequently converted into centimeters by multiplying by the 
magnification factor. 


__ * The spring of this balance was practically “ free,” the light index from: 
its free end hardly touching the scale, : 


+ C.p. Horton, “ Phil. Trans.” R.S., series A, Vol. cciv., p. 52. 
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The Magnification Factor.—This was found by placing a 
micrometer millimeter (by Zeiss) divided to fifths in the same 
plane as the surface of the wire and measuring the value of 
mm. in terms of “teeth” at several places along the scale. 

The mean value found was 1 “ tooth ”=0-00423 cm. 

The magnification was checked by similar measurements on 
the divided millimeter of a standard invar meter scale. 


Estimated Accuracy.—The micrometers were read to 0-01 
tooth, but since the setting of the cross-wire on a mark was 
probably doubtful to about twice this amount, the accuracy of 
an individual reading of a reference mark is estimated at not 
less than 0-02 tooth, or.0-00008 cm., which is about soth of the 
degree of accuracy obtained by Shakespear in measuring the 
elongation by an interference method. 


Measurement of the Distance between the Reference Marks. 


A standard invar meter was mounted so that its scale was 
in the same plane as the top surface of the wire. The actual 
distance apart of the central fixed threads of the eye-pieces was 
then determined at a known temperature. This distance was 
found to be 20-276 cm. at 28°C. A correction on the distance 
between the various pairs of reference marks used at different 
temperatures could then be easily applied since the actual 
readings of the reference marks on the toothed scale of each 
microscope was known. 

It was seldom necessary to apply this correction, since marks 
were usually chosen which lay near the central thread. 


Estimated Accuracy.—The length measurements were correct 
to 0-01 em., which was much greater than was necessary in 
comparison with the other measurements. 


Measurement of the Area of Cross-section of the Wire. 


This was found at the end of the experiments by making a 
series of 76 determinations of the diameter at different places 
along the wire with a standard screw gauge. Another series 
‘of measurements was made on a portion of the fresh unheated 
wire. The difference of the means of these two experiments 
was 0-0002 cm. The probable error of the mean of each series 
was much less than this, so that it was legitimate to consider 
the determination of the cross-section as correct to 0-000004 
sq. cm. throughout the range of the experiments. 
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The diameter from these measurements was 0-04298 cm., 
giving a mean cross-section of 0-001906 sq. cm. 


~ Estimated Accuracy of the Determination of the Radius.—The 
radius was taken as being correct to 0-0001 cm. throughout the 
range, since the error on the radius due to expansion of the 
wire when heated through 400 deg. was of about the same 


: LA 1 
value. The correct expression a (=) =~ was not em- 
Tr” / mean 
ployed, as the difference between this and the ordinary mean 


did not affect the results to 2 per cent. 


_ Adjustment and Determination of the Temperature. 


General.—The most important, and perhaps the most diffi- 
cult, feature of these measurements is to keep the temperature 
constant during the application of a series of loads. 

That this is essential is easily recognised from the following 
calculation :— 

If 1,—1, is the change in length of the wire for a change of 
temperature of Odeg., we have /,—1l,=—l,a9 approximately, 
where a is the average coefficient of expansion over the range 
6 deg. J,a6 is the change in length due to temperature only ; 
consequently, in order that changes in temperature may not 
vitiate the measurements of elongation due to loading, we must 
choose @ so as to make 1,a small compared with the average 
increment of elongation produced by a load. 

Taking the elongation increment as 0-001 em. (which is less 
than the average) we must make /,a@ less than (say) ;‘5th of 
this. That is, @ must not be greater than 0-0001 Ja. 

If we take a at 250 deg. as 0-000017,* and /,=20 em., we get 
the result that @ ought not to be greater than 0-3°C. This 
degree of steadiness was actually attained in the large majority 
of the measurements. When changes in temperature materi- 
ally larger than this took place the measurements were dis- 
carded.+ 

A battery of large capacity storage cells was used to supply 
the current, and the series of constantan rheostats in the heat- 


Ing circuit, as well as the standard manganin comparison resis- 
tance, were immersed in oil. 


* Harrison, ‘‘ Phil. Mag.,”’ June, 1904. 
ir See, however, p. 34. 
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As has already been stated, the experimental nickel wire was 
completely enclosed in a water-jacket through which a circu- 
lation. was kept continuously running. The wire was thus 
effectively protected from draughts, and prevented from heat- 
ing the apparatus in its neighbourhood. 


Measurement of the Resistance. 


Potential leads qq’ of very fine platinum were silver soldered 
to the wire, each about 2 cm. beyond the reference marks mm’ 
(see Fig. 5). The smallest possible quantity of solder was 
used so as to avoid disturbing the uniformity of the heating. 
These two leads were brought out of the water-jacket through 
the illumination holes. The resistance of the portion qq’ of 
the nickel was determined by a potentiometer method, using 
as comparison standard a coil of No. 12 B.W.G. managnin 
immersed in oil and surrounded by a water circulation coil. 
The potentiometer was specially constructed for these measure- 
ments, and the various resistances were adjusted so that 1 mm. 


BiG: 75), 


shift in the balance point corresponded to about 1°C. change of 
temperature in the nickel. Thus, in order to keep to the stan- 
dard of temperature steadiness aimed at (0-3 deg.), observations 
were discarded (at least for the purpose of calculating the 
modulus) in which the balance point on the bridge wire 
changed by more than about 05mm. It must be remem- 
bered, however, that such a degree of accuracy in the measure- 
ment of the temperature is by no means claimed. It was 
merely necessary for the temperature to remain constant to 
this extent during the observations. 
A sketch of the electrical arrangements is given in Fig. 6. 


~ Measurement of the Temperature Coefficient of Resistance of the 
Nickel. 
The specimen of nickel wire used in these experiments was 


good, but was not known to be of exceptional purity. It was, 
therefore unjustifiable to use the results for pure nickel already 


24 PROF. E. P. HARRISON ON THE TEMPERATURE 


obtained by the writer in 1902.* Consequently pa aye 
resistance temperature graph was constructed for the a 
specimen employed in the Young’s modulus experiments. ox 
A suitable length of the nickel wire was wound into a Pa 2 
fitted into a porcelain tube, and placed in an electric : ; 
side by side with a platinum thermometer. The so u , 
were bound together with copper sheet, and their ends sym 
metrically placed in the centre of the furnace. en 
Temperature measurements were made by using the pla 


Il|---- 


Nickel Standard 


Fie. 6. 


num thermometer in conjunction with a Callendar’s recorder, 
corrections to air thermometer temperatures being applied 
graphically. 

The resistance of the nickel at various temperatures was 
measured on the same potentiometer which was used in the 
elasticity experiments. The comparison coil was a l-ohm 
standard immersed in a water bath. 

The curve resulting from these resistance temperature 
measurements possesses a critical interval extending from 


* Harrison, ‘ Phil. Mag.” S.R., Vol. III., No. 14, February, 1902. 
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365 deg. to 370 deg., a position which differs little from that 
found by the author for pure nickel (loc. cit. p. 24). 


Estimated Accuracy.—The temperature measurements are 
correct to about 4°C. below 250deg. and above 400 deg. 
Between 250 deg. and 400 deg. they are correct to about 3 deg. 
This follows from the fact that the resistance variation is more 
rapid near the critical temperature. 

In view of the above degree of accuracy errors due to change 
of resistance of the wire by stretching or to changes of tem- 
perature of the standard manganin coil do not come in. 


Discussion of the Accuracy of the Method. 
Taking the value of Young’s modulus (E) to be given by 
fl 


er? 
where f is the stretching force in dynes, which produces an 
-extension of / cm. in a wire of length L cm. and radius r cm., 
we have the following expressions for the proportional error 
(6E/E), produced in E by errors 6(f/l), dL, dr, in the quantities 
f/l, Land r respectively :— 
Due to error in ¢/J— 


(6E),_df/1_1 I 
i =a pol pe aren ade) 
Due to error in L— 
(6E), ob (2) 
i) L 
Due to error in r — 
aera) Es ie 929) 1G) 
Lr Pa 


Now, suppose that a single observation of the stretch corre- 
sponding to a particular load is taken. It can be shown that 
the error on the quotient ///, when f and / are subject to errors 
Of and d/ respectively, is given by 


Sone 
i! wv ew | 


where 6(//) is the error on a single observation of f/l. 
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_ 2] the value of él for a single measurement 1s: 
ee Pieter pe p. 20 the value of éf for a single eases 
is 20 grammes weight ; hence, taking {=520 EPS he 
and the corresponding stretch 10-0025 em. (as 1s the cas 
normal temperatures), we get 


6({/1)=+10,000 approximately. 


Let it be assumed for the purposes of calculation that only 
five observations were made in obtaining a load — 
graph, then if each value of ///is given the same weighs, the 
probable error of the mean of the five observations Is 


Ley 
Fe 9( 7) =4:600. 


From expression (1) above, the percentage error — in 
E by an error of 4,600 in measuring //l is therefore given by 


100 (OE), _ 100 x 0-0025 x 4,600 _5 per cent. 
E 520 


Again, from p. 21, the estimated error in Lis 0-01 em.,so that 
from expression (2) 


eels =0-05 per cent., 


and from p. 22 the estimated error in r is 0-0001 em. Hence. 
from expression (3), 


5) . 
Eh X0-0001 _ 9.8 per cent. 


Combining these three it appears that the error on an indi- 
vidual measurement of Young’s modulus, apart from the in- 
fluence of errors due to temperature changes, is about 2 per 
cent., which is all that is required considering the temperature 
difficulties. 

The above gives an idea of the accuracy of the method at 
ordinary temperature when the latter does not change by more 
than 0-3°C. At higher temperatures the probable error in the. 
present research is slightly less than 2 per cent., owing to the 
existence of larger elongations for a given load. 

If the length of the experimental portion of the wire were. 
increased, and a somewhat Jarger spring employed, measure- 
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ments of the modulus could easily be made to 5th of 1 per 
cent. 
Method of taking the Measurements. 


The wire was annealed by heating electrically to about 
500°C. under a tension sufficient to straighten out large kinks 
and bends in the wire. The temperature was then reduced to 
300 deg., the load gradually and carefully increased at this 
temperature, the corresponding stretches being measured, and 
the process continued until no further anomalous elongations 
were observed (due to kink-straightening). 

A load elongation graph was then determined at the tem- 
perature of the laboratory (about 27°C.). 

The temperature was next raised to about 50 deg. and 
another graph obtained; and so on by steps of 30 deg. or 
50 deg. up to 450 deg. 

During the process a return was often made to lower tem- 
peratures. Throughout the range from 350 deg. to 430 deg.,. 
where anomalous features in the modulus were detected, the 
temperature intervals were much more frequent, and the 
measurements were made with continuously rising and con- 
tinuously falling temperatures. As a rule, only one or two 
graphs could be obtained in one working day, as it took some 
time for the temperature to become steady, but throughout 
the course of the research the final form of the apparatus gave 
no trouble whatever, and when once in adjustment remains 
so indefinitely ; as was emphasised before, the chief difficulties 
are connected with the temperature steadiness. 

The total load on the wire varied from 2,000 grammes weight 
to 40,000 grammes weight up to a temperature of 200 deg., frony 
1,800 to 3,000 up to 350 deg. and from 1,600 to 2,800 up to 450 
deg. The usual load increment applied was about 200 or 250 g.w. 
In forming a graph of load elongation, the actual load incre- 
ment was plotted against the corresponding stretch in the 
experimental portion of the wire; up to 350 deg. a complete 
series of measurements included observations during unloading 
as well as during loading. Above this temperature the effects 
of elastische nachwirkung began to make themselves felt for 
the higher loads so that the graph for unloading was meaning- 
less from the point of view of these experiments. In fact, 
all those portions of the graphs where the “ after effect ” 
became apparent correspond to what Hopkinson and Rogers 
call the “‘ instantaneous extension,” and this is what was 
employed in calculating the modulus. 


28 PROF. E. P. HARRISON ON THE TEMPERATURE 


When the graphs* had all been plotted, a load increment of 
520 g.w. was chosen (equal to 1 cm. compression of the spring), 
and the corresponding stretches were read off from the graphs. 
The quotient of the corrected lengtht of the wire by the 
stretch gives L/I for each temperature; this 1s a quantity 
proportional to Young’s modulus, and is shown in column 2, 
Table I. 

The following table gives the data from which Fig. 7 was 
plotted :— 


TasB_eE I. 
1 purest, te | L 2.73 | 
emperature of wire | ; tee 
Soa C. 7 (proportional to E). | ee ae stilt boat 
* | 
27-0 ' 8,300 22,700 
97-5 | 8,055 . 22,000 ) 
96-0 7,800 21,300 
121-0 7,800 ) 21,300 
145-0 7,600 20,700 . 
185-0 7,440 20,300 
222-0 7,440 20,300 
236-0 7,550 20,600 
255-0 7,110 19,400 
285-0 7,110 19,400 : 
329-0 6,530 17, 
350-0 6,200 | 16,900 
360-0 5,970 16,300 
376-0 5,890 16,100 
382-0 5,754 } 15,700 
396-0 5,754 15,700 
397-0 5,690 15,500 
401-0 5,754 | 15,700 
406-0 5,890 16,100 
409-0 5,820 ) 15,900 
422-0 5,820 15,900 
425-0 5,820 ) 15,900 
430-0 | 5,690 15,500 
432-0 | 5,620 ) 15,300 
437-0 | 5,370 14,700 
448-0 4.690 ) 12,800 
454-0 4,480 12,200 
465-0 | 4,360 11,900 
Length of the wire between the marks ... 20-276 em. 
Mean radius of wire ......ccc.cccccecesseccencce 0-04928 em. 
apes OTOSB-NEOULOM steph ccncceuseenieaneueeeree 0-001906 sq. em. 
OWT OOM GME cin concen cancun eee ee 520 gram i 
he Fy a load Gr; corte tees From ryt nce 
alue of Young’s modulus at 0°. ; i 
trapolation) ere oe oe : eas! a lngcat 


22,200 kilogrammes/sq. mm. 


* Typical examples are shown in Fi 
+ See p, 21. “ wn in Fig. 8, a, b,c, dand e. 
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The multiplying factor for converting L/linto Eis, of course, 

0-520 
0-1907 
metre. The values of Young’s modulus so obtained are shown 
in column 3, and are expressed in kilogrammes per square 
millimetre. They are exhibited graphically in Fig. 7. 


and is equal to =2-727 kilos. per square milli- 


rer?’ 


0 100 200 300 400 500 
Temperature in degrees C. 
Fre. 7. 


Discussion of Results. 


General.—Up to about 300°C. the modulus for nickel 
diminishes slowly as the temperature rises. The results up to 
this temperature are represented well by the parabola 


E,= Eo(1—0-0002866 — 0-000000846507), 


where E=22,200 kilos. per square millimetre for the specimen 
used. This formula was calculated for the complete series up: 
to 325 deg. by the Method of Least Squares. 

Above 325 deg. the modulus begins to decrease rather more 
rapidly, reaching a minimum just below 400 deg. It then 
appears to increase again slightly, or at least to remain nearly 
constant up to 425 deg., after which a rapid diminution occurs.* 

Too much stress ought not to be laid on the existence of an 
actual minimum at 390 deg., but the large number of observa- 
tions above 350 deg. taken on different days with temperatures 
both rising and falling seems to establish with certainty the exis- 
tence of a stationary value between 375 deg. and 425 deg. 
with less certain evidence of an actual minimum value. It is 


* 400 deg. and 325 deg. are the mid-points of the temperature ranges. 
throughout which T. A. Lindsay (‘Proc.” R. 8. Edin., 29, 1908-1909) found 
important evolutions of heat to occur in Ni on cooling. 


Temperature 121 deg. 
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lear that the beginning of this constant value of the 
modulus coincides with the begmning of the critical interval in 
‘the resistance of the metal. 


The Load Elongation Graphs (Fig. 8, a, b, c, d, e, f, g and h).— 
Tn general these were linear at all temperatures (see the 
examples shown in Fig. 8, a, 6, c, d and e), but in certain 
experiments (see Fig. 8, f, g and h) the relation between load and 
extension was not found to be linear; moreover, the curve for 
unloading did not coincide with that for loading. 

In cases in which non-linear graphs were obtained, different 
types appeared on different occasions, but these invariably 


U U L 
@ (2) a 
To iP ig 
Temperature rising dur- Temperature rising dur- Temperature rising dur- 
ing loading; constant ing loading and unloading. ing loading; falling to its 
during unloading. original value during un- 
loading, 
Ll L Ll la 
(4) 2) @ 
Ta ta ‘f 
Temperature falling dur- Temperature falling dur- Temperature falling dur- 
ng loading and unloading. ing loading and rising ing loading; rising during 
during unloading. unloading. 
Fia. 9. 


conformed to one or another of the six types shown in Fig. 9, 
which represent diagrammatically the obvious effect of a 
gradually changing temperature on an otherwise linear load 
elongation graph. It will be noticed that /, g and h are of the 
type shown in Fig. 9, Nos. (1), (5) and (3) respectively. 

It is true that curves similar to Nos. (1) or (3) might be pro- 
duced by the “ after-effect ” alone, provided the latter set in at 
some stage during loading, but in the instances referred to, not 
only was there no appreciable “ after-effect,” but the observa- 
tions when repeated under constant temperature conditions 
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invariably gave a linear graph in which the values of the stretches 
during loading coincided with those during unloading. 

The most usual form of non-linear graph obtained was like 
Fig. 9, Nos. (1) and (3), and in every instance of the kind it was 
evident from changes in the electric resistance of the wire that 
a slight rise, followed by a slight fall or by constancy in 
temperature, had occurred during the experiment. 

The author, although misled at first by the regularity of such 
curves as h (Fig. 8) into a belief that they represented a genuine 
phenomenon connected with the elasticity of the metal, has 
now reached the conclusion that all the looped load elongation 
curves obtained in this research are due, not to an irreversible 
elastic effect, but merely to temperature changes. And this 
notwithstanding the experiments of J. O. Thomson* (who 
shows that increase in length is not exactly proportional 
to the stretching force) seeing that the effects claimed by 
Thomson are very much smaller than those at present under 
discussion. 

It is interesting that Shedd and Ingersol} obtained curves for 
indiarubber at different temperatures of a similar kind to 
those in Fig. 8, No. /, g, h, but insufficient evidence is quoted as 
to the constancy of the temperature, so that in the absence of 
further information the present writer is not quite satisfied 
that Shedd and Ingersol’s results cannot be explained as the 
result of temperature variations. 

When a wire is stretched the temperature effect produced is 
always such as to increase the elasticity and thereby to oppose 
the stretch. Ifit be conceded, as a result of the present experi- 
ments, that the temperature coefficient of elasticity continually 
decreases up to 400 deg., then up to this temperature a stretch 
produces a fall of temperature in the wire. Hence, during 
loading adiabatically the temperature would be expected to 
fall slightly and to increase again on unloading, giving rise to 
the appropriate contraction and expansion in the metal. This 
effect, although it was actually detected in a few instances, is in 
general far too small to afford any explanation of the want of 
linearity of the load elongation graphs. 

_It is therefore concluded that, within the limits of accuracy 
discussed on pp. 21, et seq., the present experiments show that 
the elongation of a nickel wire increases in direct proportion to 


* Thomson, “ Wied. Ann.,” 44, 1891. 
t Shedd and Ingersol, ‘‘ Phys. Rey.,” Vol. XIX., p. 107, 1904. 
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the load, provided the “ instantaneous extension ” is employed 
in all cases in which the “ after-effect”’ is apparent. The 
above conclusion seems to be at variance with the results both 
of Miss Noyes and of Walker, who suggest that the thermal 
coefficient may be smaller for a small load than for a large one. 
Shakespear regarded effects of this nature as holding only 
during the first few heatings of a wire, the latter settling down to 
a steady state after repeated heatings and coolings, and 
although the present writer cannot confirm this the point is not 
to be regarded as settled, for if Thomson’s results are accepted 
and hold for different temperatures some small effect of the 
kind claimed by Miss Noyes and by Walker may really exist. 
It is noteworthy that Walker quotes an incredibly small value 
for Young’s modulus for nickel (about 14x10! at 16°C.), 
On calculating the average thermal coefficient of the modulus 
from his results I find 0-06 dyne per square centimetre per - 
degree C., which is 200 times the value given by any of the few 
observers who, to my knowledge, have worked on the subject 


Secular Effects. 


It seems likely that above 425 deg. some structural change, 
possibly crystalline, occurs in the metal, and that this change 
sets in at the beginning of the critical interval, for at 425 deg. 
the wire is approaching the condition in which Hooke’s law 
ceases to be true and small loads produce a permanent stretch: 
which does not recover with time. 

Below 400deg. or thereabouts, when the load exceeds a certain 
value the influence of “ elastic after-effect ” becomes increas- 
ingly apparent as the temperature rises (c.p. Hopkinson and 
Rogers), but if time for recovery is allowed the wire returns to 
its original length, but not to its original condition as regards 
elasticity. It is slightly hardened by the process. Horton 
noticed an analogous effect in dealing with the rigidity of metal 
wires (loc. cit.). ; 

Consequently it appears that unless a load is sufficient at any 
particular temperature to induce appreciable “ after-effect ” no 
important effect is produced on Young’s modulus by the result- 
ing stress, whereas if the “ after-effect ts has once occurred, a 
higher temperature is needed to wipe out the resulting 
hardening. 
_ These remarks apply to temperatures below 425 deg. ; pro- 

bably they do not hold above that. 
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If the load is so small that no “ after-effect ” is noticeable, it 
appears that the metal is softened by heating to 400 deg. or 
500 deg., but that it recovers with time. 

In a metal which has no critical temperature possibly the 
transition to the condition found in nickel above 425 deg. is 
gradual instead of abrupt. ‘ 

a 
Values of a 

It follows* from the definitions of Young’s modulus (E) and 
the coefficient of linear expansion (a) that 

da dl 1 dE 


Se ee eee ee 
qT dj°E EP ay’ © _) 


where T is the tension on the expanding wire. 


Hence, obtaining the value of = from the formula 


E,=E,(1+-A6+ B62), 


and substituting in equation (4), we get 


da 
aT — a(A+2B6), 
whence, adopting the values of A and B from the formula on 
p. 29, 

da Ko , : 

— = ,(0-000286-+-0-000001696). 

dT EK, 
Calculating this for various values of the temperature, the 
following table is obtained, which, of course, applies only 
(strictly speaking) to the particular specimen of nickel used in 
this research :— 


Taste IT. 
Ee in kilos. | a 

, | per square millimetre, ) av’ sii 
iss na en eee 
10 | 22,180 1-37 deg.*kilo-“'mm.? 
100 ) 21,840 2-09 ” 
200 20,220 3-37 ~ | 
300 | 18,650 5-08 ee | 


Eo= 22,200 kilos./sq. mm. 


* Searle, ‘“ Experimental Elasticity,” p. 74, Chap. III. 
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The values of column 3 are shown plotted against the tem- 
perature in Fig. 10. 


Expressing a as a parabolic function of 6, 
we have Mat bit oft 
Integrating this on the assumption that s is independent of T, 


[aoln=(a-+-0-+c62)T +P, 


where P is a constant and is a function of 0. 


X108 depree-l kilos. 1 mm.2 


da 
aT 


0 100 200 300 @ 
Fia. 10. 


If [ag]o is the value of a when T=0 we find P=[ap]p, so, finally 


[ashe—Loalo=(a-+ 604-062) =1(5") 


da, 


Where 6) is the value of ay a> temperature 0. 


Since we know from Fig. 10 the variation of a with 9, it is 


simplest to keep the equation in the form 


[ae}e—[as}=1( 5%) 0) 


- 
da > 
and to calculate ay graphically. 


To express this equation in terms of the actual expansion of 
C2 
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the wire, let the temperature of the wire change from 0 deg. to 
Odeg. Then, when the tension is zero. 


_1| oho 6 
[ab=_ 5g 


where ly is the length at 0 deg. and d/y is the expansion for change 
of temperature 60, both measured under zero tension. 
When the tension is T kilos. sq. mm. 


[aele= 7 56” 


when 1, is the length at 0 deg., and d/, is the expansion for change 
of temperature 60, both measured under tension T. 
Now, by definition of Young’s modulus, 


E= Tho at O°C., 
l—l 
E 
or L= bare ? 2 
so the equation (6) becomes, on substituting for Io, 
_T+E ab 
ls TE 80 


whence, substituting this value and that for [ae], above, in 
equation (5), we have 


So= a al ote Coe. 1) |; 


or, since TLE for tensions of the order employed is sensibly 


unity, we have finally 


dle—Blo=Ie 00.7. ($4). ot, ee 


Equation (7) gives the difference between the expansion 
under zero load and under a load T kilos. per square millimetre, 
when the temperature changes from 0 deg. to 60. 

The result is not appreciably different if we regard the tem 
perature change 00 to occur at any point along the temperature 


scale provided /; is then taken as being the length under tension 
T at the lowest temperature of the range. 
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Suppose, as an example, it is required to find the expansion 
under zero load for a nickel wire of length about 10 cm. at 
100°C, when the value of the expansion under a load of 
8 Ialos. per square millimetre is known by experiment. We 
then have 


69=100. 
K=22-2 x 10° at 0° (by present experiments). 
T=8 kilos. per square millimetre. 
- 0l~=inerease in length for 100 deg. under load T. 
=0-014 cm. by experiment. 
ly=10-32 cm. under tension T at 0 deg. 


(G2) =164x 10-* taken from the curve Fig. 10 at 50 deg, 


en the mean temperature of this range. 
Then, from equation (7), 
Oly —6lp>= 10-32 x 100 x 8x 1-6 x 10-§=0-00136 mm. 

Apparently the only direct experiments on the measurement 

d 
of a are those of Bottomley. That observer found an extra 
extension of 0-14 mm. on about 500 cm. of copper wire due to 
a load difference of about 8 kilos. per square millimetre and a 
temperature difference of about 80°C. 

This gives 6dly—6lp>=0-003 mm. on 10 cm., showing that 
although no direct experimental data for ae 
yet available, the effect obtained by Bottomley for copper is of 
the same order as that found theoretically for Ni from the 
present experiments on the temperature coefficient of Young’s 
modulus. 


for nickel are as 


Summary of Results. 


1. A parabolic empirical formula is obtained which ex- 
presses the relation between Young’s modulus and the tem- 
perature for nickel up to 300°C. An anomalous change is 
found to occur in the temperature coefficient of the modulus 
at the same temperature as the magnetic, thermo-electric, 
resistance and expansion critical points, namely, between 
365 deg. and 425 deg. 

2. Hopkinson and Rogers’ result, that the “elastic after- 


* Bottomley, “ Phil. Mag.,” Vol. XXVIII., 1889. 
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effect” in steel increases with temperature, is shown to be 
also true for nickel. 

3. When the temperature is constant and the “ elastic after- 
effect” is absent or allowed for, load elongation graphs are 
found to be linear, showing (a) that no appreciable irreversible 
effects are produced on loading and then unloading, (}) that 
the elastic temperature coefficient is the same for all loads 
employed during the research. 

This is in conflict with the results of several other observers, 
as is also the fact that no maximum value in the thermal co- 
efficient just below 100 deg. was detected, even with the smallest 
loads employed, which were half the value of the smallest load 
used by Walker. It is true, however, that the question of the 
existence of a Maximum was not very specialiy investigated 
during the course of the present research. 


a 
4. The value of aT where a is the coefficient of expansion 


under tension T, is deduced from the thermal coefficient of 
Young’s modulus obtained. It can be expressed as a parabolic 
function of the temperature. 

Hence a formula is determined which gives the difference 
(at any temperature) between the expansion due to heat when 
the wire is free and when it is subject to a load T. 

Tam much indebted to Dr. W. A. K. Christie, of the Geological 
Survey of India, for giving me the specimen of nickel with 
which the above experiments were carried out. 


Baker Physical Laboratory, 
Presidency College. 
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Ill.—A Bridge for the Measurement of Selj-Induction um 
Terms of Capacity and Resistance. By Davip OwEn, 
B.A. (Cantab.), B.Sc. (Lond.), Lecturer in Physics, Birk- 
beck College, London. 


RECEIVED OcToBER 1, 1914, 


1. The object of this Paper is to introduce an alternate- 
current bridge method of measuring inductance. This bridge 
is simple both in theory and practice, and proves to be adapted 
to accurate measurement over the whole range from a micro- 
henry upwards. 

The use of alternating current for the accurate measurement 
of inductance or capacity has many advantages. The revolv- 
ing commutator allows of an increase of sensibility in bridge 
methods where direct current is applied, but introduces a 
somewhat delicate and complex piece of apparatus, the use of 
which is obviated by applying to the bridge an alternating 
voltage at the outset. Where the formula of calculation is 
independent of frequency the method has the advantage of 
being unencumbered by the determination of that quantity ; 
and, furthermore, very good work is rendered possible with no 
source of current more elaborate than a buzzer or small 
induction coil. Sensitive means of determining the attain- 
ment of a balance are available in the telephone, the vibration 
galvancmeter and the alternating-field moving-coil galvano- 
meter 

2. The Proposed Bridge.—The bridge (represented in Fig. 1) 
serves for the determination of self-induction in terms of 
capacity and resistance ; or, alternatively, for the measure- 
ment of capacity in terms of resistance and a standard of self- 
induction. We will proceed by regarding the determination 
as that of a self-induction L. This is placed im the second arm 
BC of the bridge in series with an adjustable non-inductive 
resistance, making up the total resistance of the arm to r,, In 
the first arm AB is an accurately known non-inductive 
resistance 7;. The third arm AD consists of a known standard 
of capacity Ks, whilst the fourth arm DC contains a capacity 
‘K, in series with anon-inductive resistance R. On applying an 
alternating voltage to opposite poiats of the bridge no current will 
traverse the conjugate arm if the following conditions hold :-— 


Weer eee ie te ee ee (I) 
K,r,R=K,r,R=L.. (2) 
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These conditions are independent of frequency. and therefore 
apply whatever the wave-form of the applied voltage. 

The double adjustment required for balance 1s of the satis- 
factory type where the attainment of one condition remains 
undisturbed in the process of attaining the second. Let us 
suppose K;, K,, and r, to be chosen. The procedure consists 
in first altering r, until the effect in the detecting instrument 
is reduced to a minimum; R is then altered until the zero 
minimum is indicated On repeating the process, slightly 


Fic. 1.—D1AGRAM OF BRIDGE. 


readjusting 7, to its best value and then R, the true balance is 
quickly reached. The value of the inductance required is 
then given by the formula L=Kgr,R. 

It will be observed that L is proportional to R. This leads 
to a result of great practical convenience, namely, the pos- 
sibility of attaining a balance whatever the value of L may be. 
Having satisfied the first condition, one is assured beforehand 
that the second condition can be fulfilled. For the same 
reason, as will be shown later, it is possible to correct experi- 


mentally for any error due to residual inductance or capacity 
in the bridge. 


3. Proof of Formula.—The formula is most readily obtained 
by aid of the theorem that for zero current in the galvanometer 
or detector the vector-impedances of branches one and two 
must be in the same proportion as those of branches three and 
four. This gives 

me. 3 = —)/pKg 3 
biel (R-jieke.” oe 
where j=/—l1, and p=22X frequency. Multiplying across 
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and equating real terms to real, and imaginary to imaginary, 


we find 


ey ee ; 
eS eee il 
pk, PKs us 
and Wie ants cee 
an nk (2’) 


which are identical with equations (1) and (2). 
The bridge also lends itself to a simple graphical treatment. 
In Fig. 2 ac and a’c’ are vectors representing the voltage at 
any instant between A and C, The voltages across 7;, 72, and 
L are represented by ab, be, and ec respectively, the angie aec, 
being aright angle. Similarly the voltages across K,, K, and R 
are represented by the vectors a’d, de’ and e’c’ respectively 


B 

I, 

Tj L 
A C 
R 
K; - 
D 4 
By path ABC ce By path ADC ce 


a U ike 
pK, pK, 
Fia. 2.—VEcTORIAL REPRESENTATION OF VOLTAGHS IN BRIDGE. 


“a, 


dec bemgaright angle. For zero current in the galvanometer 
the voltage from B to D must be zero at every instant. This 
requires the voltages from A to B and from A to D to be equal 
both in magnitude and in phase ; that is, the triangles ace and 
a’ce’ must be similar and equal and 6 must divide ae 1a the 
same proportion as d divides a’e’. Denoting the current along 
the path ABC by #, and that along ADC by 7’, the above con- 


’ ditions are 


onus 

t= 
7K, 

t= su (4) 
pK, | 

Lpi=Rv’ 
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pL v a 
or PK y= Pk. = p=; ~» - -) oe 
leading as before to 

L 
Kr, =Ky.= 5 
We may regard the path ABC as a resistance in series with an 
inductance, and the path ADC as a capacity in series with a 
resistance. The first-named resistance 1s split at B, the 
capacity at D, in the proportions required for equal potentials 
at each instant at the points B and D. 
4. It is of interest to consider the relation of the above 
bridge to a more symmetrical arrangement of inductances, 
resistances and capacities. 


Tino eo 
In oqo” 
oo 


Fig. 3.—GENERALISED SERIes-REsistance BRIDGE. 


The bridge of Fig. 3 may be described as of the “ series- 
resistance ” type. The conditions for zero current in the arm 
BD at each instant are 


L, L 

r, R.—r,R, = -—F 
vin i nt ae 

Jy ts 

PBL) =e 


This bridge has been employed by Rosa* and Grover for the 
measurement of the power-factor of a condenser, the required 
difference of phase angle of the two condensers being determin- 
able in terms of the known and adjustable inductances L, and 
L,. We can, however, eliminate the terms in p> by writing 


* Bulletin, Bureau of Standards, Vol. ILL., 1907, p. 390. 


MEASUREMENT OF SELF-INDUCTION. 43 


L,=0, R,=0 (or L,=0, R,=0), when the above equations 


reduce to 
bg 
nha | 
(6) 
and UE ol) 
Kaa, 


and we have a bridge adapted to the measurement of self- 
induction. This is the bridge described in the present Paper. 


Fic. 4.—GENERALISED SHUNT-RESISTANCE BRIDGE. 


If as starting point we take the arrangement in Fig. 4, a 
bridge of the “ shunt-resistance ” type, the conditions for zero 
current in G are 

78,—1 Setp(KgL,—K,L,)=0 anes (7) 
(Kyr,—Kgr,)+(L,8,—L,5s) =o} 

Once more the conditions for balance are complicated, and 
involve the frequency. The frequency terms may here be 
made to vanish by making K, and L, (or K, and L,) equal to 
zero, when the conditions of balance reduce to 


794—153—0 } he 
ora ry, | 
T,8,-Kyi=0} 44=KyrR, 

This is the Maxwell bridge. This bridge, as is well known, 
has the disadvantage that the two adjustments for balance 
specified in (8) are not independent. The modifications 
suggested by Rimington and by Niven have the drawback, 
when employed with alternating currents, of requiring a 
- knowledge of the frequency; the formule, moreover, becomes 
rather complicated and inconvenient in use. In Anderson’s 
well-known modification, operated with alternating current as 
was first done by Fleming, the two conditions of balance are 
made independent without sacrificing the advantage of 


independence of frequency. 


(8) 
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5. Elimination of Residual Inductance and Absorption 
Effects.—It is necessary to proceed to a closer examination of 
the series bridge, with a view to estimating the influence of 
residual effects on the accuracy of the inductance determina- 
tion. These residual effects are (1) the inductances 1, of the 
coil r,, J, of the arm 7, (exclusive of that of the coil under test), 
1, in the leads to K,, and J, in the coils R; and (2) absorption 
in the condensers in the arms three and four, which may be 
represented by resistances g, and p, in series with the capacities 
K,and K,. In place of equation (3) we have now to write 


] i 
: ~—)_ + ipl 
rytiply hee (9) 
rot pp(L+/,) } 


Rt+ps— og tie 


leading to the fcllowing as the two conditions of balance :— 


Pea a : 2 
Kink, PPR elt pln — PAL Hla) — Pelt - + (10) 
and 
; K. 
Ksr, R=L+1,+ Kgl Pha en) -L+p Kgl,!, 
—pK,l(L-+-l).. . . . (11) 


The procedure for balance remains as before—namely, the 
adjustment of r,, followed by that of R. One effect of the 
terms in p* is to diminish the value of r, to a slight extent. 
This is no disadvantage, since rg does not enter into the evalua- 
tion of L, and therefore need not be known. The second effect 
of the residual terms is equivalent to an addition to L, which is 
completely eliminated by repeating the experiment with L 
removed. Let Ro denote the resistance in series with K 
which is required for balance with L cut out, and r,’ and 1,’ the 
new values of ry and /,. Then, 


- 


a , r , K a 
Kgr,Ro=/, +K(ro’p5 110.) = -4+pK,),1’ —p*Kgl,’l, (11’) 


Subtracting (11’) from (11) we have 
Kgry(R—Ro)=L-+ (1, - ly’)+-Kg99(r2— 19) +- p* Kgl, (L—l’) 
. — p*K,l,(L+1,—l,’). PEE ho 
Jalculation shows that the only term (after the first) on the 


right-hand side of (12) that is of sensible value is (l,—1,’) ; 
so that we may write pal 


Kyr,(R —Ro)=L+(l,—I,’), . . . (12’) 
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Now the ratio of (l,—/,’) to L is the ratio of the time-con- 
stant of the substituted resistance coils to that of the coil under 
test. Taking the time-constant of the former as 10-°, the error 
involved in neglecting (/,—/,’) will be less than 1 in 10,000 in the 
case of all inductive coils whose time constant exceeds 10~4; 
and even if coils be included for which the time-constant is as 
low as 10~° the error is below 1 in 1,000. We may conclude 
that it is only rarely that it is necessary to consider the induc- 
tance of the substituted resistance coils. Our working formula 
thus becomes is 

L=KorjiB—R,):,: «-: ;: +. = 13) 

Examples quoted below show that, using standard mica 
condensers and the usual resistance boxes, the value of Ro is 
very small compared with R, except where L is very small, in 
which case it becomes quite important to obtain the auxiliary 
balance with L omitted. 

It appears from the above examination that by the aid of 
(13) self-inductance may be determined free from error due 
either to residual inductance in the resistance coils used, or to 
absorption in the condensers. 

In regard to the term (/,—1/,’) in (12’) it may be observed 
that the difficulty of making allowance for it is common to all 
bridge methods of measuring inductance. 

6. Sensitiveness of the Bridge.—lf a pure sine voltage, v, be 
applied between the points A and C of the bridge (Fig. 1), the 
current through the galvanometer arm BD is given by the 
expression 


pepe AG 8) Ge) “Le ®) 


1; Teal 
nes a,) lI eel) 
where 
Bes T1+12 Peis tag : 
ee eK pL ie ), = (05) 
and | . | 
% —_ pL Lge ray g+r) T1+1e rite 
BePUR GEIS RAK, pKs pKa 


(16) 


The arm BD is assumed to consist of a pure resistance g; 
that is, inductance and back E.M.F. in the detector are neg- 
lected. 
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As A and B occur to the first power in the numerator of 
(14), but to the second power in the denominator, the current 
i, for a given voltage across the bridge will be increased by 
reducing A and B. The expressions for A and B involve the 
frequency, and it appears that when p=0 both quantities 
become infinite. The bridge is thus inapplicable to steady 
currents. As p increases A becomes zero at a certain fre- 
quency, then increasing numerically, but with change of sign. 
B, like A, has the value minus infinity at zero frequency, and 
passes through zero at a certain frequency, generally higher 
than that at which A vanishes. There is, therefor:, some 
intermediate value of the frequency for which the sensitivity 
of the bridge is a maximum. This value depends on the capa- 
cities employed and on the inductance to be measured. The 
expressions for A and B are made up of products of resistances 
and reactances taken three at a time, and the general rule for 
high sensibility is to aim at making the resistances and re- 
actances of the arms and of the detecting instrument of 
approximately the same value. Using capacities each equal 
to 4m.f. it would appear that the best frequency to select in 
the case of inductances of the order of a tenth of a henry is 
about 200 per second, higher frequencies being called for the 
lower the inductance. 

Much, however, will depend on the choice of detecting in- 
strument. The vibration galvanometer appears to have its 
greatest sensitivity at low frequencies, say, 100 per second ; 
whilst the telephone (or rather the ear) has its maximum sensi- 
tivity at 800 or 1,000~%. The sensibility of the Sumpner 
alternate-current galvanometer is independent of frequency, 
provided the voltage applied to the field-coil is in proportion to 
the frequency. The fact that both the sensitivity ot the bridge 
and that of the ear rise with frequency are to the advantage of 
the choice of the telephone, and in practice it has been found 
that, at all events over the lower range of inductance, the 
Superiority as regards accuracy rests distinctly with that 
instrument. 

From (14) it may be seen that the galvanometer current is 
made up of two components in quadrature; one arising from 
the non-attainment of the condition L=Kyr,R, the other from 


the non-attainment of the second condition CE This 
en s Kg 

result applies indeed to all bridges involving two conditions 

of balance. 
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6. Effects of Frequency.—Apart from the slight residual 
effects depending on frequency, which have already been dis- 
cussed, there are three effects of frequency which may affect 
the value of inductance obtained by an alternating-current 
method. These are the skin effect (both on the inductance of 
the coil under test and on the resistance of the bridge coils), 
the effect of frequency on the capacity of a mica condenser, 
_ and, lastly, the effect arising from distributed capacity in the 
coil under test. 

At frequencies below, say, 2,000 per second the first of them, 
the skin effect, is appreciable. 

The second effect is appreciable in measurements where the 
highest accuracy is required. A standard mica condenser 
shows a decrease of capacity of it may be five parts in 10,000 
when the frequency rises from 100 to 500 per second. It is 
thus necessary that the capacity of the condenser should be 
known at the frequency used in the test. 

The effect of distributed capacity is to cause an increase in 
the effective inductance of the coil tested, the increase being 
proportional to the value of the inductance and to the square of 
the frequency. The effect is only of importance in the case of 
large inductances and at the higher frequencies, and where 
necessary its value can always be experimentally determined 
(see, for example, observations Nos. 14 and 15 below). 


7. Experimental Arrangements and Results.—Examples of 
tests are included for inductances ranging from 0-4717 henry 
to 2-05 microhenries. The whole range may be covered 
without change in the pair of condensers employed. As a 
rule two nominal 4 m.f. mica standard condensers were used. 
The value of 7, was 1, 10, 20, 100, or 200 ohms. To obtain 
the exact adjustment of 7, and R for balance, bridge wires were 
inserted in the arms BC and CD. Each ot these consisted of a 
length of about 80 cms. of constantan wire doubled on itself, 
the two halves running parallel at about 0-5 cm. apart, the whole 
being mounted on a baseboard graduated in centimetres. A 
short-circuiting sliding bridge-piece allows of a continuous 
variation of resistance. The resistance per centimetre of 
wire was almost exactly 0-02 ohm. With their help exact 
balance could be rapidly and accurately secured, the value of 
R being thus determinable to within a hundredth of an ohm. 

In the case of very low inductances of only a few micro- 
henries, it is necessary to allow for the small alteration of in- 
ductance in the bridge-wire in the arm BC between the settings 
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for R and Ro; in other words, equation (12°) should be em- 
ployed for the calculation and not (13). A continuous varia- 
tion of resistance with practically constant inductance may, 
however, be secured by the aid of the mercury U-tube of 
Wenner and Dellinger, or by using a carbon plate rheostat. 
The latter method was used in some of the measurements re- 
corded below, the bridge wire in arm two being dispensed with. 

The sources of current 2mployed were a small induction coil 
or buzzer giving a frequency of 95, another giving 530; a small 
transformer with tuning fork interrupter of 100 cv, which pro- 
vided a source of very steady frequency for use with the 
vibration galvanometer; also a microphonic hummer giving 
5120. 

With regard to detecting instruments : Except in the case of 
the largest inductances, and of coils containing iron, the tele- 
phone in conjunction with the buzzer of 530 ~ was found to 
give very satisfactory results Theoretically, owing to effects 
of residual inductance and of absorption, it is impossible to 
obtain perfect silence in the telephone unless a pure tone is 
employed. In practice this difficulty largely disappears. With 
low inductances, say, below 0-1 millihenry, the effect of over- 
tones is almost inappreciable. At higher values it is easy after 
a little practice to reduce the fundamental note in the telephone 
to inaudibility in spite of the distinct presence of the overtones. 
Using a frequency as high as 530 for the fundamental tone this 
is particularly the case : probably only the first two, or perhaps 
three, overtones are effective, for not only is the intensity of the 
higher components present in the source smaller, but the sen- 
sibility of the ear to the corresponding tones is at the same 
time reduced Readings are taken of the limiting resistances 
at each end of the range of inaudibility—these limits are sur- 
prisingly sharp—and the mean of these readings gives the true 
balancing value. 

For the largest inductances the vibration galvanometer was 
used, 

Vor the testing of coils containing iron the telephone is prac- 
tically useless. With the vibration galvanometer, on the other 
hand, the condition of zero movement is reached as completely 
as In the case of air coils, though, of course, the meaning of the 
resulting figures is not so easy to define. 

The standard mica condenser used throughout as K, had the 


value 0:33200 m.f. at 16°C. Its value at other temperatures 
was read off from the curve of Fig. 5. 
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The condenser Ky was a nominal + mf. mica condenser, 
except in experiment No. 16 (see footnote). 

In the last column T stands for telephone, and V.G. for 
vibration galvanometer. 


Table I, 
| Estimated | Detecting 
No, | K,(m.f. ere AN error instrument 
cas ? - < PSS Ca) (parts in and 


| 10,000). | frequency. 


Single circular turn of copper wire, diameter of wire 0-071 cm., circumference 
of circle 150 cm. 


1 | 0-3318 | 1-0102; 6-49+0-02 | 0-455 | 2-04 microhenry 64. T. 530 
2 | 0°3320 1-008} 9-72+0-02 3°50 | 2°08 microhenry 64. T. 530 
| | 
t i} | j | ©|_——$SA $< —_ mi — 
Helix, single layer of 147 turns, length of helix 22-8 cm., external diameter 5-36 cm., 
diameter of wire 1-22 mm. 

3 | 0°33194) 10 70°05+0-04 | 0°67 | 0-2303 millihenry 6:5 T. 530 
4 |.0°33194| 10 70°50+0°06 | 1:02 | 0:2306 millihenry 13 T. 95 
Helix of ohmic resistance FI ohm, with core of soft on wires. 

5 | 0°3319 200 | 1539°5+0-5 0-2 0°10216 henry | 6 V.G. 95 
6 | 0-3319 | 200 | 1530-5+0°5 0-2 0-10156 henry 6 V.G. 95 

| Se eS eae || 
Circular coil of 500 turns, mean diameter 22 cm., resistance 9 ohms. 
7 | 0°33194; 200 | 1198-3940-04 | 0-16 | 0:079548 henry 0°5 T. 530 
8 | 0°33194| 100 | 2397-42+0-1 0°25 | 0-079572 henry 0°5 T. 530 
9 | 0°33194} 200 | 1198-4 40-4 0-2 0°079540 henry 5 V.G. 95 


ee Pq RS Ee ag, t i) 
Equal circular coils A and B, of 500 turns, mean diameter 36 cm., axial breath 2°54 cm. 
radial depth 5°6 cm. Placed coaxially one over the other in immediate contact. 


A on ly— ie | : 
10 | 0°33190 | 200 2362°19+0-4 | 0°2 0°15679 henry th V.G. 95 
Bon ly— | | 
11 | 0°33190| 200 | 2403°5+0-4 | 0-2 0°15953 henry Lei7 V.G. 95 
AandBinser ies, aid'ing— 
12 | 033190] 200 | 7094°5+2°5 | 0-2 0:47090 henry | = 3°6 V.G. 95 
Aan d B in series opp|osing— 
13 | 0°33190| 200 | 2440°-4+0°4 | 0-2 0°16199 henry 87; V.G. 95 
From (12) and (13) we have La+Lp =0°31644 henry, 
and from (10) and (11) we have Lat+Ly =0°31632 henry ; 
also from (12 and (13) by subtraction 4 M =0°30891 henry ; 


‘+, M=0:07723 henry 


Coils} A and B in series and aiding— 


14. | 0-33197| 200 | 7104:9+1°5 | 0°16 0°47170 henry 2°3 aT 530 
15 0°33197 | 200 | 7090°6+2°0 | 0:2 0°47074 henry 3°2 V.G. 95 
Circular coil of 500 turns, mean diameter 22 cm., resistance 9 ohms. 
16 | 0°3319 | 200 | 1199°55+0:04 | 0°25 | 0°07961 henry | — | T'’.530 
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Remarks on some of the above observations :-— ‘ } ; 

Nos. 1 and 2.—The inductance calculated from the dimensions of the cir- 
cular wire is 2:054 microhenries (+0°005). In No. 1 a correction of +0°015 
microhenry was applied to allow for the change of inductance due to move- 
ment of slider of bridge-wire in arm two [as per equation (12’)]. In No. 2a 
carbon plate rheostat was used to adjust 7,, hence no such correction was 
required. 

Noe 5 and 6.—Although iron was present within the coil, no difficulty was 
experienced in obtaining a perfect balance with the vibration galvanometer. 
The effective resistance of the coil is at the same time ascertained ; in the 
case of this coil it was 49 ohms. In No. 5 the voltage applied to the bridge 
was 2°8 volts; in No. 6 it was 1-7 volts. ‘ 

Nos. 10 to 13.—These serve as examples of the determination of a mutual 
inductance. 

Nos. 14 and 15.—These are observations on a large inductance, and the 
measurements at 530 ~ and 95 ~ serve for the determination of the distri- 
buted capacity. The value of L at 530 ~ proves greater than at 95-~ by 
20-4 parts in 10,000. Of these perhaps some 5 parts are accounted for by the 
diminution of K, with frequency. The remaining excess must be assigned 
to the effect of distributed capacity, as expressed in the formula 

L,=L,(1+42°n7kLa), 
where n denotes the frequency. The value of the distributed capacity * 
thereby calculated is 3-9 10-* mf. At the lower frequency, 95 per second, 
it appears that the increase in effective inductance due to distributed 
capacity is below 1 part in 10,000, whilst at 530 ~ it is some 15 parts in 10,000. 

No. 16.—This test differs from No. 7 in that K, was an ordinary commer- 
cial (Mansbridge) condenser, and not a mica condenser. Owing to the large 
absorption, balance with L cut out was only possible by inserting a resistance 
of not less than 30 ohms in series with the standard condenser K;. The value 
of Ry given above corresponds to the series resistance 30 ohms in the arm 
three. The value of p, deduced from the data of this balance was 5-16 ohms, 
Ky being 1:838 m.f.; and the power-factor of the condenser works out at 
0-031. By comparing Nos. 7 and 16 the error in the result for L, which is 
introduced by the use of such a highly absorptive condenser, is seen to be 
less than one part in 1,000. This example shows that it is possible to obtain 
results sufficiently accurate for many purposes without the use of a mica 
condenser in the fourth arm of the bridge. 

8. The Measurement of Mutual Inductance.—Any bridge for 
the determination of self- will serve for the determination of 
mutual-inductance. If the coils are put in series the total self- 
inductance is L,+L,+2M. Two adjustments of the bridge 
for balance, the second with connections of the coils reversed, 
lead to the difference 4M. This method is quite satisfactory 
where the coefficient of coupling of the coils is not too low. An 
example is given in Nos. 10 to 13 above. 


9. Standards of Self-Inductance.—It is obvious that a method 
for the measurement of inductance in terms of capacity may 
be reversed. It may be regarded as a means of determining a 
capacity in terms of a standard of inductance. From the point 
of view of accuracy and reliability of results the latter may well 
be regarded as the proper order of procedure. An inductance 
standard has a very low temperature coefficient, and when 
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carefully designed and constructed is probably far more con- 
stant than a standard mica condenser. 

Into the problem of constructing suitable primary standards 
of self-inductance it is not proposed to enter. It may be 
pointed out, however, that secondary standards are readily 
procurable. With the possession of such a standard the capa- 
city of mica condensers can be checked from time to time, and 
their variation with temperature determined. The results of 
a test of temperature variation are here included. They afford, 
incidentally, an example of the erratic changes to which the 
capacity of a mica condenser is hable.* 


10. A Test of the Temperature-Coefficient of a Mica Condenser. 
‘The measurements were made by the series-resistance bridge, 


the formula K= oR pring employed. The imductance 


coil was that used in tests 7 to 9 of Table I. 
7,=200 ohms; R o=0-15 ohm. K,,=0-33200 mf. 


R was determined always to within | part in 20,000. Tem- 
peratures were ascertained to within 0-2°C. 


Table II, 
Temperature-variation of Capacity of Mica Condenser v=530. 
Lok joee Re ie lad Be ae SY 7, 
18 -- 23-2 28:5 | 33:2 | 283 | 24:2 19°3 


R—R, ...| 1198-37) 1199°17| 1200-73, 1203-18 | 1200-68 | 1199-95) 1199-15 


Capacity | 0-33212| 0°33191| 0°33153 | 0°33079 | 0°33148 ''0-33169 | 0-33190 


| eee 8, 9. 10. Tae este: Co ere 


Temp.(C°)| 0 10 18-7 | 25:0 | 31:0 256 | 194 


R—Rpy ...| 1197-25) 1198-22 1199-11 | 1200-19 | 1202-49} 1200°48) 1199-16 


— | 
Capacity | 0-33244 | 0-33217| 0-33191| 0°33184  0-33163 | 0-33099 | 0-33154, 


From the above figures the graph of Fig. 5 is drawn. By 
following the numbers appended to the points on the graph it 
appears that between the observations 5 and 6 a sudden altera- 
tion in the capacity occurred, to the extent of 5-4 parts in 
10,000. After No. 6 the results are closely expressible as a 


* See Curtis, Bureau of Standards, Washington, November, 1910. 
D2 
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single-valued function of temperature. The time covered by 
the tests was 17 days. 

The graph shows how rapidly the temperature-coefficient 
increases at temperatures above 15°C. Over the range 


a4 


0°3320 


18 


16 


Oapacity in mt. 


0°3310 


Temperature. Degrees Centigrade. 
Fig. 5.—TEMPERATURE-VARIATION OF Capacity OF Mica ConDENSER. 


0°—15°C. the mean coefficient is —0-000080, f 

ots —0- , from 15° to 20°C. 

it is —0-00010, from 20° to 25°C, —0- 15 5° to 

aero onoeh. . —0-00015, and from 25° to. 
Summary. 


1, An alternate-current. bri i 
n alt ridge method is proposed for th 
determination of self-induction in terms af ase Sol 
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resistance. The inductance L is given by the relation L= 
K,r,R ; in addition to which it is also necessary for balance of 
the bridge to satisfy the condition K,r,;=K,1,. 

2. The two conditions of balance may be secured in practice 
without mutual interference. The end point is therefore 
rapidly attammed. The possibility of effecting a balance is 
unlimited by the value of the unknown L. 


3. The method is independent of frequency. This has the 
accompanying advantage that it is unnecessary to employ a 
pure sine voltage. Very good results may be attaimed with a 
buzzer as source and a telephone receiver as detector, at, say, 
500 ~. 


4. The dependence of sensibility of the bridge on the fre- 
quency is discussed, and it is shown that over a wide range (say, 
100 co to 1,000 -) the sensibility is high. 


5. The effects of residual inductance in the resistance coils 
and leads, and of absorption in the condensers, may be simply 
and correctly allowed for, the formula then becoming 


P=K 7 (Rk SR,): 


This fact is of especial importance in the accurate determina- 
tion of very small inductances. 


6. Tests are quoted showing that with the same pair of 
condensers measurements over the full range from one micro- 
henry upwards may be made. For inductances of the order 
of 10 microhenries the error may be kept within a few parts in 
1,000 ; whilst if the inductance is as high as a few millihenries 
the error of any measurement may be reduced below one part 
in 10,000. 


7. The application of this bridge to the determination of 
capacity in terms of self-inductance is discussed, and an example 
is given of a test of the temperature variation of capacity ofa 
standard mica condenser over the range 0°—30°C. 


ABSTRACT. 


1. An alternate-current bridge method is proposed for the deter- 
qination of self-induction in terms of capacity and resistance. The 
inductance L is given by the relation L=K,r,R; in addition to 
which it is also necessary for balance of the bridge to satisfy the 
condition K,7,= Kyr. 

2. The two conditions of balance may be secured in practice with- 
cout mutual interference. The end point is therefore rapidly attained. 
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The possibility of effecting a balance is unlimited by the value of the 
unknown L. } 

3. The method is independent of frequency. This has the accom- 
panying advantage that it is unnecessary to employ a pure sine 
voltage. Very good results may be attained with a buzzer as source 
and a telephone receiver as detector, at, say, 500~ . : 

4, The dependence of sensibility of the bridge on the frequency is 
discussed, and it is shown that over a wide range (say, 100~ to 
1,000~ ) the sensibility is high. 

5. The effects of residual inductance in the resistance coils and 
leads, and of absorption in the condensers, may be simply and cor- 
rectly allowed for, the formula then becoming 


L=K,r,(R—R,). 


This fact is of especial importance in the accurate determination of 
very small inductances. 

6. Tests are quoted showing that with the same pair of condensers 
measurements over the full range from one microhenry upwards may 
be made. For inductances of the order of 10 microhenries the error 
may be kept within a few parts in 1,000; whilst if the inductance is 
as high af®a few millihenries the error of any measurement may be 
reduced below one part in 10,000. 

7. The application of this bridge to the determination of capacity 
in terms of self-inductance is discussed, and an example is given of a 
test of the temperature variation of capacity of a standard mica 
condenser over the range 0°—30°C. 


DISCUSSION. 


Mr. A. CAMPBELL congratulated the author on his clear treatment of 
the general case. His method had several advantages, the most im- 
portant of which was that he took a zero reading to eliminate the induct- 
ance of the leads by substituting a non-inductive resistance for the, 
inductance to be measured. There is, of course, a difficulty in all such 
methods in obtaining a non-inductive resistance, but this can be got over 
by using a small inductance of which the value can be calculated, such as 
a pair of parallel wires. He could not say how far the terms in equation 
12 could always be neglected as done by the author with frequencies 
greater than 1,000. Particular cases could be tried to see how far this 
was permissible. Among the disadvantages, he instanced the use of 
standard condensers in place of standard inductances. The latter could 
be obtained at less cost and of greater accuracy than condensers. More- 
over, the values of condensers varied more rapidly with temperature and 
frequency than did those of inductances. The former defect was aggra- 
vated by the time required for a condenser to take up a steady tempera- 
ture. The usual practice was to keep it at a given temperature for 
24 hours or more in measuring to tenths or hundredths per cent. Another 
difticulty in bridge work with condensers is caused by earth capacities. 
If the point of earthing be altered different results may be obtained. He 
Suggested that the galvanometer and battery might profitably be inter- 
changed, The position described in the Paper was the worst for distur- 
bances due to earth capacities. 

Mr. F. E. Smrrx mentioned that in Rosa and Grover’s Paper, quoted 
by the author, a figure practically identical with Fig. 3 in Mr. Owen’s 
Paper appeared. Some of the equations, also, were very similar, but 
Rosa and Grover had, apparently, overlooked the fact that by making 


MEASUREMENT OF SELF-INDUCTION. 55 


one of the R’s and one of the L’s zero the bridge could be used for the 
- measurement of self-induction. He was surprised that Mr. Owen ap- 

peared to prefer the telephone to the vibration galvanometer in many 
cases. He would have expected the latter to give more satisfaction in 
almost all cases. With regard to the discrepancy found by the author 
in the temperature curve for his condenser, he might say that in the case 
of paraffin wax condensers it was always dangerous to cool to 0 deg., as 
a change occurred in the wax which introduced trouble. He had gone 
into the matter of changes in the resistance of the old B.A. resistance coils 
when cooled to 0 deg., and had shown that these were due to changes in 
the wax. 

Dr. Russ=xu said that he had used Mr. Owen’s method of measuring in- 
ductance in his laboratory and had found it simple, accurate and most 
satisfactory. When ordinary alternating-current supply was available 
good results were obtained either with a telephone or a vibration galvano- 
meter. The theorem on which the method is based is extremely inter- 
esting from the theoretical point of view, and several curious results 
follow from it. Mr. Owen’s method of proof was well adapted to the 
needs of electrotechnical students, but he preferred the analytical methods 
as they were more rigorous. 

The AvrHor, in reply, referred to the variation of capacity with fre- 
quency. This was most marked at low frequencies, and as, to get sensi- 
bility, the bridge had to be used at frequencies of 100 or more, one was 
working outside the most dangerous region. With regard to the tem- 
perature variations, he pointed out that the condenser could always be 
tested against a standard inductance if need be. In the test of temperature- 
coefficient he had allowed the condenser to stand for four hours after the 
required temperature had been reached ; the time to be allowed to attain 
the temperature of the bath could be calculated from the fact that the 
condenser was found to require 1} hours to cover half the impressed interval 
of temperature. In ordinary use, as the daily range was not more than 3° 
or 4°C., and as 1° only introduced an error of 1 in 10,000, he thought the 
trouble would be inappreciable. He had tried both positions of the gal- 
vanometer and battery, and sometimes one and sometimes the other proved 
most satisfactory. The difficulty about earth capacities was one that had 
to be guarded against in all balanced bridge methods when the utmost 
accuracy was reauired. The effect was likely to be very small in the bridge 
described, since the capacities employed were comparatively great. 


, 
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IV. On the Coefficient of Diffusion in Dilute Solutions. By 
Bastt W. Crack, B.Sc., Lecturer in Physics at Birkbeck 
College. 


RECEIVED SEPTEMBER 29, 1914. 


. Introduction. 

. Modifications in the Apparatus. 

The Apparatus. 

. Results. 

. Diffusivity at a definite concentration. 
. The end-correction. 

. Effect of the diffused salt. 

. Effect of the material of the tank. 

. Discussion of results. 
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§ 1. Introduction. 


THE author has been interested for a number of years in the 
investigation of the phenomena of the diffusion of salts through 
water, using for the purpose special flasks filled with the 
solution under examination, one suspended from each arm of 
a delicate balance, m a large bath of distilled water maintained 
at various constant temperatures in a thermostat room. Each 
flask was fitted with a vertical tube through which the salt 
diffused upwards and the design of the flask was such as to 
maintain the concentration of the solution constant at each 
end of the tube. The diffusion tubes of both flasks were of 
equal length, but their cross-sections differed considerably. A 
method of differential weighing was used to eliminate errors 
due to small changes n the density of the bath, and from the 
final steady rate at which the flasks changed in weight as the 
salt diffused out, the value of the coefficient of diffusion of the 
salts can be deduced.* 

The objects of the present Paper are :— 

I. To describe improvements made in the apparatus by 
means of which the results can be obtained more quickly. 

2. To investigate the diffusion of certain salts down to very 
dilute solutions at a constant temperature. ' 


* See Clack, “ Proc.” Ph. Soc., XXL, p. 863, 1908 ; XXIV., p. 40, 1911. 
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§ 2. Modifications in the Apparatus. 


The apparatus already employed possessed the disadvantage 
that much time was wasted before the rate of change in weight 
of the flasks became approximately constant, six or seven days 
being required, and attempts were made to hasten the time of 
attamment of the steady state. In the discussion [‘‘ Proc.” 
Ph. Soc., p. 49, 1911] Mrs. Griffiths (Miss C. H. Knowles) 
showed that the steady state would be hastened by filling the 
diffusion tubes to half their height with the solution under 
investigation, the rest of the tubes containing pure water. 
This method was tested in a number of experiments but with 
hardly the success expected. Not only was the steady state 
not accelerated very much, but the filling of the tubes seemed 
to produce too much disturbance, and the results obtained 
were not as consistent as desired. With specially careful 
manipulation the method might prove more successful, but in 
the present Paper an alternative means of hastening the steady 
state has been adopted, that of reducing the length of the 
diffusion tubes, and the arrangement at present employed is so 
satisfactory that the steady state is obtained almost at once. 
A result differing in most cases by only 1 or 2 per cent. from its 
final value is obtained in one day, enabling very rapid deter- 
minations of the value of the coefficient of diffusion to be 
made. 

That shortening the diffusion tube should hasten the attam- 
ment of the steady state is well known. The case in which the 
liquid is moving with an impressed velocity was investigated 
theoretically in a note published by Miss A. Somers (“ Proc.” 
Ph. Soc., XXV., p. 74, 1912), and the present author studied 
the matter in 1908 in the Paper previously mentioned, by 
experiments on diffusion employing tubes 4.cm., 2cm. and 
lem. long (see also “ Phil. Mag.,” Vol. XVI., Plate XXV., 
Fig. 6, 1908). In this work it was observed that the end- 
correction to the length of the tube, which was negligible in the 
longest tube, because important as the length was reduced, 
and to avoid the error involved it has been found necessary to 
reduce not only the length, but also the diameter of the tubes, 
a battery of short and narrow tubes replacing the single wide 
tube previously employed. This idea was proposed by the 
author in 1908, in the Paper referred to, but as the same sug- 
gestion was made by Dr. Griffiths and by Prof. Lees in the 
discussion following the Paper read in 1911, his attention was 
again directed to it. 


Change in Weightin Grams 
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The general shape of the curves obtained by plotting the 
change in weight of the flasks against the time 1s shown in the 
annexed family of curves (Fig. 1) dealing with solutions of KCl 
of the various concentrations indicated. A comparison of 

013 


Time in Days. 


Fie. 1. 


these curves with those already published will show how great 
has been the saving of time, an experiment which previously 
required 21 days, being now completed in less than a week. 


§3. The Apparatus. 


The general arrangement of the apparatus and the method 
of using it, is similar to that already described in the “ Proc.” 
Ph. Soc., December, 1911, and need not be repeated here. The 
aperture in each flask was closed by a glass plate drilled to 
receive the diffusion tubes, which were sealed in position by 
canada balsam. 

With a battery of four parallel vertical tubes, each about 
2 cm. long and 0-448 sq. cm, in area, fitted into the diffusion 
flask on one side of the balance and a single similar tube fitted 
into the other, the amount of salt diffusing was sufficient to 
make accurate weighings possible. 
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The dimensions of the tubes, found in the manner previously 
described, are given in the following table :— 


Length. Area. a 
1-997, cm.=L, 0°445, sq. cm.=A, 
2-000, 0°454, 
1:998, 04515 
2°0000 0°440; 
1-999, 0:447, 
Mean 2:000 cm.=L, Total =1:794,sq.cm.=A, 


Results obtained with this apparatus are distinguished by 
the letter 6 in the following tables. 


$4. Results. 


The results for solutions of potassium chloride, potassium 
nitrate and sodium chloride at constant temperatures, all in 
the near neighbourhdod of 19°C., are tabulated below. For 
purposes of comparison some results have been included, 
obtained by means of the apparatus described in 1911. These 
are distinguished by the letter a. 

The value of the diffusivity in C.G.S. units is obtained from 
the formula proved in the earlier Paper. 


L,L,(21—%2) (i ) 
(A,L,—A,L,)N {1—4N6(D—N)} =3(D=—N)}, = 


where L, and L,=lengths of the diffusion tubes fitted into the 
two flasks. 


K= 


A, and A,=their total areas of cross-section. 
N=concentration of the solution in gms. per cc. 
of the solution at the lower end of the 
tubes. : 
D=density of the solution at the same point. 
i, and 7,=final steady change in weight of the two dif- 
fusion flasks per second. The balance 
records (7,—%). 
5—=ratio of the increase in volume produced to 
the increase in mass of salt dissolved, 
for a solution of concentration N. 
Results to which no number is attached in the last column 
of the table are obtained by interpolation from the results 
published in the earlier Papers of the author. 
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KCL 
Normality. | N in gms. |Temp. Mean slope | 5 Experi- 
y- | per eo. |in °C. | (é,—i,)x 107,| ©* 10" Apparatus) oot No. 
2-70 0-2 18°5 on 1-517 a + 
188 5-302 1-526 a 28 
18°7 12-38 1-550 | B 10 
18-8 12-26 1558 | B il 
1:35. | O-1 | 18:5 - 1-538 a - 
| 186 6-124 1-496 8 a 
| 187 6-156 1-495 | B 9 | 
0°67 0°05 185 1-417 1-524 a eet hae 
18-4 1325 , 1-436 | a ib | 
186 3035 | 1-457 | 8 6 
18-9 3-130 1-473 | 8B 2 
18-7 3-091 1-475 8 14 
0°33. | (0-025 18-6 1-581 1-464 8 16 
18-7 1-564 1-420 8 17 
0-165 00125 185 0-787 Th458 B is | 
186 0-745 1-380 8 19 
18-7 0-783 1-450 8 29 CO 
0-10 00075 «183 0-447 1-360 3 2 | 
IS7 | 0-448 1-363 3 ae a 
0-05 00037. 183 | 0-228 1-366 8 2 | 
181 0-234 1-405 8 23 | 
0°03 =| 00020 = «179 | ~—O138 1-304 8 2 | 
) 184 0-136 | 1334 8 25 
KNO, 
0. OL iss | 1-319 &. Vee 
18:8 5-289 1-290 | 8 | $0 
190 | 5-027 1-316 @ | 3 | 
0-5 0-05 185 | ae 1333 a rote | 
183 2-784 1-340 8 | 2 
191 2930 L411 @ | 3 
19:2 2-872 1-388 pB | $8 
+25 0-025 192 1-479 1-399 PO ss 
19-2 1-555 1-408 8 ) 35 
0-10 0-010 19-1 0-620 1454 | 6 | 36 
19°2 0-622 1-458 3 | 7 
0-05 0-005 19-0 0343 1547 | 8 38 
7 18-8 0332 | 1:613 | 8 39 
0-02 = 0-002 186 0-135 1-489 © Bg 40 
| 185 0-131 1-454 | Bg 41 
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NaCl. 


ee Ne Temp.| Mean slope | Sxperi: | 
: gms. |'Temp.| Mean slope | 5 | Experi- 
Normality. per ec. | in °C. | (i, —i,) x 107.| Kx 10°. | Apparatus. Peni: 

3-40 0-2 is-5 | 10-10 1228 |B 45 

| 1e40) 710-17 >) 1-233" 8 46 

1-72 O-1 | 18°7 5-290 | 1-215 B 47 

| 18-7 5-213 1-19 B 48 

0°85 0:05 |185 | 2-977 1-200 8 49 

| 18°6.| 2738 1-175 B 50 

0°34 0-02 19:0 | 1-077 1148 |  B 51 

| (189 ; 1-109 1193) 8 52 

0-034 | 0-002 190 O18 164 |B 53 


The value of the coefficient of diffusion varies to some extent 


with the concentration of the solution, and the results here 
1°6 


Mean Diguusivity x 10°. 


0° 02 O*4 0°6 08 10 1°2 14 1°6 18 20) 
Normality, 
Fig. 2. 


calculated give the value of what may be called the ‘* mean 
diffusivity ” for the solution in the diffusion tube, that is for a 
solution varying in concentration from zero to a maximum of 
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N in each experiment. The results are shown graphically in 
the accompanying curves (Fig. 2), in which the value of the 
mean diffusivity, K, is plotted against the maximum con- 
centration, N, of the solution employed in each of the experi- 
ments. : 

§5. Diffusivity at a Definite Concentration. 

A difficulty is encountered in attempting to find the exact 
value of the coefficient of diffusion at a definite concentration 
from the observations recorded in this Paper, due to the 
velocity with which the solution is moving down the tube. 
This velocity is caused by the change in volume of the solution 
as it becomes less concentrated by diffusion; it not only 
varies with the strength of the solution employed in the 
separate experiments, but it differs slightly at different points 
in the diffusion tube in the same experiment. 

This movement makes the exact solution of the problem 
very difficult, if not impossible; but it is comparatively 
easy to develop a formula for the coefficient of diffusion at a 
definite concentration, which is likely to give results as accurate 
as the observations justify, if the velocity is so small that it can 
be neglected altogether, and the liquid considered to be at rest. 

It has already been shewn (** Proc.” Ph. Soe. XXI., p. 863, 
1908) that the velocity is of the order 

{i(D—N)} / {(1—s(D—N)}, 
and by introducing the values of these quantities, as found by 
actual experiment, the velocity in the experiments of the 
present research is proved in all cases to be very small, the 
average value being of the order 10-7 cm. per sec., é.e., about 
1 cm. in four months. 

This movement produces a measurable effect in the rate of 
change in the weight of the flasks, and has been studied in the 
previous Papers published by the author, where it is shown that 
the corrections, to allow for the movement of the water, intro- 
duce the factors {lL—}N6(D—N)} {1—6(D—N)} into the ecal- 
culation of the value of the coefficient of diffusion by equation 
(i.); yet it has only a small influence on the quantity of salt 
transmitted through the diffusion tubes—4 per cent. in the 
extreme case. 

_ Since the effect of the velocity of the water has been taken 
ito account in arriving at Equation (i.), it seems certain that 
the value of the coefficient of diffusion between given limits of 
concentration, as calculated by this equation from the experi- 
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ments described in this Paper, cannot differ seriously from that 
value which would be obtained between the same limits of 
concentration were it possible to work with a perfectly station- 
ary column of a salt solution. 

Consider, then, a diffusion tube of unit cross-section so 
arranged that its upper end is maintained in contact with pure 
water and that the lower end is continually in contact with salt 
solution of a constant concentration, and assume that no move- 


== . = Arrhenius. 
KNO, . = Graham. 
. = Scheffer 
h= Schuhmeister 


{ 
Scheffer. 


Difusivity x 105, 


0 0-2 04 0°6 0°8 1°0 1°2 1°4 16 18 2'0 
Normality, 


Fic. 3. 


ment takes place in the water in the tube. When diffusion has 
reached the steady state let m be the concentration of the 
solution in the tube at a distance J em. from its upper end. 


Let C =constant quantity of salt transmitted per second. 


oKn=coefficient of diffusion of the solution, varying in 
concentration between the limits zero and n., 
which satisfies the equation C=oK,/I. 
n=actual value of the coefficient of diffusion of the 
solution at the concentration 7. 
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As already explained, it is assumed that the value of oKa may 
be taken with sufficient accuracy as that obtained experi- 
mentally in this research. 


Then oK,»n/l =Kpdn/dl=C, 
1.€., Kp =Cdl/dn. 
Now Cl. = Kae 
Cdl/dn =oKn+nx d/dn(oKn) 
ie. Kn =oKat+nxXd/dn(oKe). - - (ii) 


So that the value of the coefficient of diffusion K, at any 
definite concentration n is found from the above expression, 
involving the slope of the experimental curves shown in 
Fig. 2. 

The values of the coefficient of diffusion in C.G.S. units thus 
obtained at the definite concentrations indicated in the first 
column are tabulated below, and these figures are plotted 
graphically in the accompanying curves (Fig. 3), which also 
include, for purposes of comparison, the results obtained by - 
other workers in this subject. 


Ried KCl. NaCl. 
Normality. K, x 108 K, x05 
0-05 1-388 1-165 
0-10 1-430 1-170 
0-20 1-467 1177 
0-40 1-493 1-188 
0-60 1-504 1-198 
0-80 1-515 1-208 
1-00 1-527 1-216 
1-50 1-555 1-235 
2-00 1-584 1:253 


$6. The End-Correction. 


In order to test whether the correction to the length of the 
tubes in the apparatus 6 was small enough to be negligible, 2 
third pair of diffusion flasks was made, in one of which were 
placed 15 parallel tubes, longer and thinner than hitherto 
employed, and in the other was sealed a single similar tube. 
These tubes were each roughly 5 cm. long and 0-08 sq. cm. in 
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cross-section. The more exact dimensions of the various tubes 
are given below :— 
APPARATUS y. 


Length. Area. 

| 4-954 cm.=L, 0:0750 sq. cm.=A, 
4-952 0°0859 
4-954 0:0816 
4-950 00802 
4950 * 0:0873 
4953 00810 
4:949 0:0878 
4-951 0-0874 
4-954 0:0766 
4-952 0°0744 
4-952 0:0827 

Lew 4-954 0-0771 
4-954 0:0875 
4-952 0:0807 
4-951 00849 
4°952 06-0749 

Mean length 4:952 cem.=L, 1-2300 sq. cm. total area= A, 


L 


With this apparatus the steady state is not reached until 10 
days after commencing an experiment. The results obtained 
for the various solutions indicated are included in the following 


table :— 


20 per cent. KCl. 5 percent. KCl. | 2 percent. NaCl. 
| Apparatus. ee — 
| Kx 105 | Expt. No.| Kx 10° | Expt. No.| Kx 105 | Expt. No. 
Sens. 1526 | 28 1-486 7,15 Peae Che, 
Bone 1-554 10, 11 1-473 | 612,14} 1170 | 51,52 | 
See tes 1-660) |) 4be- 4} 11-4620) 44 | 184 | 84 


The agreement exhibited in the results shown above, using 
the same solution in different apparatus, is as good as that 
obtained when the same apparatus is employed in different 
experiments, as will be seen by referring to the tables m § 4, 
and this is evidence that any end-corrections in the tubes used 

‘in this investigation are negligible. The relative dimensions 
of the diffusion tubes used in the three sets of apparatus are 
shown in the annexed diagram, and it will readily be granted 
that experiments made with such tubes should furnish a good. 
test of the point under examination. Moreover, the concen- 
tration-gradient is reduced 24 times between / and y, so that 
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it is clear that the coefficient of diffusion is independent of the 
concentration-gradient. 


Bp. 
§7. Effect of Diffused Salt. 

It is desirable to demonstrate that the contamination of the 
bath of distilled water by the salt which diffuses from the 
flasks has no appreciable effect in retarding the rate of diffu- 
sion. This was tested in an experiment by replacing the dis- 
tilled water by a weak solution (0-1 per cent.) of the salt 
employed. 

Although so dilute, this solution is much stronger than 
would result from the diffusion in an ordinary experiment, and 
yet no greater difference was found in the result than is 
obtained when the experiments are conducted in the usual 
way, provided that, in all cases, the quantity introduced into 
the calculation of the coefficient of diffusion is the difference 


in the concentration of the solution at the two ends of the 
diffusion tube. The results are tabulated below :— 


Expt. No. | Concentration, Temp. in°C. Kx 10°. Remarks. ) 
10 20 p.c. KCL. 18°7 1-550 Pure water ; 
if 1 me 18°8 1-558 in 
27 | ah, 186 1-541 || bath. 
26 | 20-1 pe. KCL 18-4 | 1544 (0-1 p.c. KClin bath 


§8. Effect of Material of Tank. 
In order to test whether the material of which the tank is 


made affected in any way the rate of diffusion, the original 
tank which contained the bath of distilled water, made of 
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tinned copper, was replaced by a large glass accumulator tank 
of about 30 litres capacity. The result of the experiment 
No. 27 is included in the previous table, and demonstrates 
that no effect greater than that due to experimental error is 
caused by the tank employed. 


$9. Discussion of Results. 


The: general conclusions to be drawn from the results of the 
research are that (i.) m solutions of KNO, the diffusivity 
increases as the solution becomes more dilute ; (ii.) in the case 
of KCl the opposite effect occurs ; (iii.) with NaCl the value of 
the coefficient of diffusion decreases but slightly as the con- 
centration becomes smaller. 

Tn all, 54 experiments have been carried out in the investi- 
gation described in this Paper. The results of the first five 
have been omitted, as it was in these that the method was 
tested of filling the diffusion tube to half its height with the 
solution under examination, over which pure water was placed. 
It has already been mentioned that this method was dis- 
continued on account of the inconsistencies found to be asso- 
ciated with it. Of the remaining 49 experiments in which 
this method of fillng was not employed, all have yielded satis- 
factory results, and none has been omitted, with the exception 
-of No. 13, in which a sudden and unusually large rise of tem- 
perature in the middle of July, 1912, caused such a disturbance 
that no steady state was reached. 

Inspection of the graphs (Fig. 3) shows a considerable 
-difference, not only in the absolute values of the diffusivity 
found by different observers, using different methods, but also 
in the general shape of the curves. As an example in the case 
of KCl, Oholm (“ Zeit. fiir Phys. Chem.,” 50, p. 309, 1904-5) 
obtains a curve indicating that the coefficient increases with 
the dilution, but Thovert (“ Com. Rend.,” 133, p. 1197, 1901 
and 134, p. 594, 1902) obtains the opposite effect. Moreover, 
Oholm’s results are generally lower than Thovert’s. It 
becomes necessary to consider the probable accuracy in the 
various methods used by experimenters in diffusion. Oholm 
used what may be called a “ burette method,” in which various 
Specimens of the solution were run off and analysed chemic- 
ally. This is a modification of one of Graham’s methods 
(“ Phil. Trans.,” 183, 1861) and is a favourite, having been 
used by Scheffer (““ Ber. Deut. Chem. Gesell. ” 16, 1903, 1883 ; 
“Toit, fiir Phys. Chem.,” 2, 390, 1888), by Euler (“ Wied Ann.” 

EK 2 
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63, 273, 1897) and by Von Hevesey (‘“ Phil. Mag.,” 25, 390 
TR) ae 

rae to the author’s experience, such a method cannot 
be expected to yield very accurate results. A disturbance 
much smaller than that involved in withdrawing the specimen 
layers of solution for analysis causes quite fatal consequences. 

On the other hand, Thovert used an interference method. of 
determining the distribution of concentration in the diffusion 
cell. Such a method may be quite free from mechanical dis- 
turbance, but small temperature-changes and consequent 
convection currents would be liable to produce severe distur- 
bance of the displacement of the interference fringes. 

Thovert measured this displacement at different levels in 
the diffusion cell and at two different times,so that his method 
is not one in which the steady state is employed. 

In the present method the disturbance is quite negligible ; 
it is only during the few minutes necessary to complete a 
weighing that there is any disturbance at all, and even then 
the movement of the suspended system is limited to x5 mm. 
Moreover, the method possesses the advantage of employing 
the steady state. The results as indicated by the graphs are 
in distinct disagreement with those of Oholm, and follow the 
general shape of Thovert’s conclusions. The agreement in the 
case of NaCl is very satisfactory, especially at the lower con- 
centrations, but in the case of the other two salts my results 
are lower than those of Thovert, and I should be glad of the 
opinion ot the Fellows as to the cause of this difference. 

The research has been carried out in the laboratories of 
_ Birkbeck College, by the aid of a Government grant received 
through the Royal Society, and the author would like to 
record his indebtedness to Dr. Griffiths, head of the Physics 
Department at Birkbeck College, for his continued interest, 
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ABSTRACT. 


The Paper describes modifications made in the apparatus previously 
described (“ Proc.” Phys. Soc., XXIV., Dec. 15, 1911) to determine the 
value of the coefficient of diffusion of salts through water, by means of 
which the steady state is hastened and results obtained more quickly. 

The single wide tube previously employed is replaced by a battery of 
shorter and narrower tubes. The error due to end-correction is investi- 
gated and results are given for the salts KCl, KNO, and NaCl for various 
concentrations down to very dilute solutions. 


DISCUSSION 


Dr. GrirritHs said that he wished he could detect some flaw in Mr- 
Clack’s methods, as he had always got higher results than those of the 
author. It appeared, however, to be much easier to get results too high 
than too low. 

Mr. Paterson did not see why, in a symmetrical arrangement, such as 
the diffusion bulbs used by the author, the syphoning on which the main- 
tenance of the concentration at the lower end of the diffusion tube 
depended should take place. ; 

Mr. F. E. Smiru wished to know if the author’s method would be suit- 
able for measuring the rate of diffusion of one solution into another of 
very nearly equal concentration and density. The problem was met 
with in standard cells. There was a slight difference in composition of 
the liquid throughout the cell, and this appeared to become practically 
constant after some years as though diffusion had ceased altogether. 

Dr. RussELL congratulated the author on having completed such a 
thorough investigation. When Glasgow University was removed to its 
new buildings at Gilmorehill in 1871, Lord Kelvin set up many long tubes 
containing liquids with the idea that the progress of the diffusion might 
be noted not only after years, but after hundreds of years. Although the 
author’s earlier experiments had lasted months in some cases, he was now 
able to complete them in a few days. 

The AurHor, in reply, thought it was an accident which way syphoning 
started, but when started it would obviously go on. It would be difficult 
to apply the method to solutions of nearly equal concentration, although 
it would measure the diffusivity of a strong solution with respect to a 
weaker one of the same salt to the same degree of accuracy as it measures 
that of a dilute solution with respect to water, the difference of concen- 
tration being the same in each case. 
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V.—Note on the Conduction of Electricity at Point Contacts. 
By A. F. Hatimonp, Geological Survey and Museum, 
Jermyn Street. 


Tue experiments here described were undertaken with a 
view to clearing up, if possible, one or two questions which 
suggested themselves during the examination of a number of 
minerals for “ unilateral conductivity.” 

The subject has already given rise to a considerable literature, 
but as this has recently been very fully summarised in the 
“ Proceedings ” of this Society* references will here be given 
only to such Papers as bear immediately on the points under 
discussion. 

The present Paper relates purely to the conductivity of 

“ point contacts ” when a steady, or slowly varying, E.M.F. is 
applied, and no attempt will b> made to deal with the effect of 
high-frequency oscillations. 
According to the usual practice the results are presented as 
characteristic,” or volt-ampere curves for the respective 
contacts. To obtain these curves it has been usual to take 
readings on amper>- and volt-meters, and from them to plot 
the characteristic on squared paper. Since, however, for the 
present purpose a large number of curves were required, a form 
of mirror galvanometer was used by which the characteristic 
was directly plotted as the path of the spot of light on the 
screen. The arrangement was of the ordinary rocking mirror 
type, and need not therefore be described in detail. One coil 
(of low resistance) was connected as amperemeter, the other as . 
voltmeter. Thus the co-ordinates of the deflection were those 
of the characteristic curve. 

An arrangement of this type is naturally not capable of the 
sam? accuracy as dial instruments, but, on the other hand, the 
curves obtained can be tollowed continuously, and any sudden 
chan ge in the conductivity of the crystal contact is immediately 
indicated by a violent displacement of the spot of light. The 
time taken to plot one curve is about 15 seconds. 

The first part of this note consists of a description of the 
behaviour of a typical point contact (zincite and tellurium) 
in terms of which the results for the other pairs can be described. 


ee 


* P. R. Coursey, ‘‘ Proc.” Lond Phys. Soe., Feb., 1914. 
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The second half of the paper deals with the results of a 
systematic examination of the forty-five contacts which are 
possible between the ten substances employed. The question 
to be answered may be put briefly thus: If the behaviour of 
the contacts between substances A and B and A and C is 
known, can any rule be found for predicting the behaviour of 
the third combination B and C? A partial solution of the 
problem has been attempted by the arrangement of the ten 
substances in a series. 


1. The Behaviour of a Typical Point Contact (Zincite-Tellurium). 


The use of natural cleavage surfaces is not advisable, as these 
are frequently coated with a film of altered material. A 
polished surface of zincite was therefore employed, the frag- 
ment being imbedded in fusible metal, and the tellurium was in 
the form of a polished globule fused on the end of a pm. The 
pin was inserted in a lever which pressed it down on the zincite 
surface, different weights being hung on the end of the lever. 
For other substances which required lighter contacts the lever 
was replaced by a very light spring. The weights are given 
in: grams at the contact. 

The diagram (Fig. 1) shows the types of curve obtained. 
Under light weights the contact tellurium-zincite was relatively 
a non-conductor for voltages up to about 5 volts. As the 
weight increased (100 to 500 grams) the current passing with 
zincite negative became appreciable, increasing more rapidly 
than that with zincite positive. Thus the well-known uni- 
lateral curve was obtained. This is marked AA’ in the figure, 
and will be referred to as type A throughout this note. 

With still further increase in weight the conductivity 
improved, but experiments in this direction were terminated by 
the breaking either of the tellurium globule or of the zincite. 

Contacts such as galena-tellurium (Fig. 3), which give the A 
curve under a weight of 1 gram or less, become good conductors 
under increased weight (10 grams) and their characteristic then 
resembles that marked BB’ ; it is not linear, but the asymmetry 
_ is greatly reduced. It seems fair to assume that the same 
effect would be observed with zincite if the material were 
strong enough to stand the weight required. 

An effort was now made to find the limits to which the A 
curve could be pursued on raising the voltage. It was found 
that when a certain point was reached (from 1 to 6 volts 
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according to the contact) the curve terminated in a ee 
breakdown of resistance (AB, Fig. 1), and on lowermg a 
voltage the tracing point returned along a much steeper ae . 
which passed through the origin at an angle yeas aT pe 
with a resistance of 500 ohms or less, and could be pursuy ae 
some distance beyond it (BB’). The voltage at which : 

breakdown occurred was on an average higher with or os 
positive than when it was negative. This curve Is marked BB, 
and will be termed type B. It persists, at any rate for some 
hours, in most contacts, and it seems clearly due to a definite 
change of condition due to the breakdown. 


Amperes 


Zincite — 


Fic. 1.—Txe Dracram REPRESENTS THE Two Types oF CuRVE Common.y 
ENCOUNTERED. 


The curve marked A A’ is the common unilateral curve, B B’ is the result 


of applying excessive voltage, and these are respectively termed types A and 
B throughout the Paper. 


The dotted lines indicate the movement of the spot of light on breakdown 
and on recovery. ‘The breakdown is sudden, the recovery is relatively slow. 


This curve BB in its turn was now examined under increasing 
voltage. With zincite negative it underwent further altera- 
tions, becoming more and more linear in form, with decreasing 
resistance. If it had been caused by a breakdown of the A 
curve with zincite positive it generally remained permanent, 
but if the original breakdown had occurred with zincite 


-negative, a very remarkable recovery could be obtained in the 
following manner. 
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It the voltage was raised to a certain point (generally from 
1 to 4 volts) with zincite positive and the contact was then 
allowed to stand, the current could very frequently be seen to 
diminish more or less rapidly, so that the spot of light returned 
toward the A curve (point B’, Fig. 1). In favourable circum- 
stances the A curve was actually regained and could then be 
repeated in its original form. If the recovery was partial 
the resulting curve was of an intermediate character through- 
out its course, as indicated by the short curves in the figure. 
- The following table of readings on an amperemeter will 
give some idea of the progress of such recoveries. 


Contact Copper-zincite, standing after alteration with Zincite Positive. 
(E.M.F., approx. 2.5 volts.) 


| Current. 
Time. ——______—_—_. 

Expt. a. b. C. 

0 ie | te 5 
10 | 215 | 186 210 
20 200 | 180 202 
30 198 i 197 
40 | 194 178° 189 
50 191 177 184 
60 189 | 173 182 

70 | 184 | 170 ooc 

80 | 180 168 a 
90 | 184 168 172 
100 182 | 170 172 

Seconds. | Micro-amperes. 


2. Comparison of the Results given by Polished Contacts of Ten 
Substances taken in Pairs. 


Curves of the type described above were obtained in every 
case,* though not with the same facility, for in some cases the 
contacts required were extremely hight. - 

The great similarity of the unilateral curves is well known to 
all who have had occasion to plot curves for various contacts, 
it is illustrated in the two curves reproduced in Figs. 2 and 3. 
Since the curves, especially the A type, are strongly unilateral 
in character, it is possible, for the purposes of classification, to 
describe the effect by giving the signs + and — respectively 


* Tt will be observed that all these curves are convex toward the axis 
along which the voltage is measured. ‘The theory recently discussed by 
Eccles (‘‘ Proc.” Lond. Phys. Soc., June, 1913) requires for many cases 
curves which are concave. No such curves were observed in any of the 
contacts here described. 
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Amperes 


Brookite — 


Fig. 2.—CuRVE oF TypE A FOR THE CONTACT OF BROOKITE WITH GALENA, 


. The B type does not seem to be obt@inable by pressure, as neither brookite 
nor zincite will withstand the increase of weight which might be expected to 
yield it. The weight for the curve shown is already 350 grams. 


ane a A. 
Galena — 


Fia. 3.—Curve or Tyren A ror THE CONTACT OF GALENA WITH TELLURIUM: 


_ The similarity of this with Fig. 2 can leave little doubt that the same effect 
is being observed, although the weight is here of the order of 1 gram. The 
B type is readily obtained on increasing the weight, or by application of 
excessive voltage. 
_ The straight line illustrates a direct method of ascertaining the scale ; 
it is the “ characteristic ” of a 500-ohm voltmeter. The scale of the other 
figures is approximately that shown here. 

None of these curves show irregularities greater than would be expected 
from the errors of tracing, except where definite breakdown has occurred, 
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to the two substances in contact; thus, quite arbitrarily, 
zincite might be called negative to tellurium, tellurium positive 
to zincite. 

When this has been done a table can be prepared, such as- 
that below, in which the sign given in each square describes the 
curves given by the corresponding mineral in the top line 
when in contact with the mineral named in the column on the 
left. 

In this table, as first drawn, the distribution of the negative 
signs was at first sight quite arbitrary, but by changing the 
order of the minerals named it was found that all the negative 
signs could be brought below the diagonal as in the following. 


table :— 


Zincite. 
Brootsee: 
Moly hdaniea. 
Ch fonts 
iene 
Cialeotie: 
Copper. 
Chaleopyrite. 


Nel beeen teresa = eke oere . | 


DEBT OOKbe ce ceccm cess ns sisal’ = 


| Molybdenite.......-.-++++ ees 


{ & | i 
CHTrOMIMT ss .iscece see oss — | | | 


| 


| | | | Tellurium. 


ERIE? A oeenetipsseueiine dace | — | — | 
| | 


tev gs anastreenoe Ane eo eone — | — 


| Chalcopyrite.....-----+++++ | | | 


- pee 


| Mellin ede-«deces see oer | 


From this it is at once evident that the 45 results can be 
expressed by means of a series of the ten substances, such that 
the higher member behaves toward the lower as zincite to 
tellurium. 

It should be said that the substances used were selected as 
typical and uniform in composition. It is most probable that 
another set of even the same minerals, taken from other 
localities, would yield a somewhat different series. Further, 


* Decisive results were not obtained for this contact. 
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the effect may be dependent on the orientation of the planes 
in contact. For these reasons no attempt has been made to 
give either the locality or the composition of the minerals used ; 
they merely represent certain samples of material. 


3. Conclusions. 


Comparison of these results throws some light on the nature 
of the effect represented in the unilateral curves. 

In the first place (to choose an example which is for the most 
part established by results published by previous observers) 
the characteristics given by all the substances here examined, 
when in contact with zincite under a weight of 1,000 grams, 
were almost identical in shape. It therefore seems fair to 
assume that the unilateral effect here obtained is a property of 
the zincite, and is independent of the physical constants of the 
other substance used. 

The same reasoning may be applied to the contacts of, say, 
galena with substances standing below it in the table. 

Now it is evident that the same substance (e.g., galena) may 
play one of two distinct parts in a point contact. Toward 
substances higher in the series, such as zincite, it is in the 
position which has been called positive. Toward substances 
below it, such as tellurium, it is negative. What, then, is the 
condition which determines its behaviour? The answer to 
this question seems to lie in the fact that, as far as the very 
rough measurements go, the weight} required to obtain the 
unilateral curve diminishes progressively along the series, from 
about 1,000 grams-for the zincite contacts to extremely light 
pressure for the contact of chalcopyrite with tellurium. 

This being the case, it is evident that the substances below 
zincite, when under weights of 1,000 grams, will act alike as 
good conductors, the resistance of the contacts with zincite 
being only that of the zincite surface layer in every case. 


} It will be noted that weights, not pressures, are here given. In these 
contacts the softer substance is spread over a certain area on the harder 
surface. Thus for a given weight the area increases as the substance is 
softer, but the pressure is correspondingly diminished. If the conductivity 
of the contact depends jointly on the area and pressure, it will then be 
roughly independent of the hardness of the substances in contact. The - 
fact that the curves were alike for contacts of zincite with chromium and 
zincite with molybdenite under 1,000 grams, the area of the latter being 
about 1 square millimetre, renders it clear that some such assumption is 


necessary, though the statement that the conductivity is directly proportional 


to the pressure can only be taken as a rough a imati 
Reick y gh approximation to the true 


ON POINT CONTACT. We 


Under lighter weight galena, say, in its turn possesses a high 
surface resistance which yields a unilateral curve in contact 
with tellurium. 

Many experiments will suggest themselves by which these 
conclusions could be tested, but it is impossible to discuss 
them within the limits of this note, of which the chief aim is to 
present a plea for the examination of the effect on strictly 
experimental lines. The serial arrangement suggested is 
advanced as a tentative solution to the question put forward 
on p. 76. Whether it survives further examination or not 
it may perhaps serve as a basis for the discussion of the 
iarge number of “ rectifying ” contacts now known. 


ABSTRACT. 


The Paper deals with the ‘‘ characteristic > or volt-ampere curves 
given by various ‘“ Point ’’ contacts when the voltage is slowly 
varied. The curves were plotted by means of a form of rocking 
mirror galvanometer, which projected the characteristic as the 
path of a spot of light on the screen, the co-ordinates being re- 
spectively proportional to the current and voltage. 

The first part describes the behaviour of a typical contact, zincite- 
tellurium. The well-known unilateral curve is terminated by a 
sudden breakdown of resistance, after which the contact has a more 
symmetrical characteristic of lower resistance at the origin. By 
allowing the contact to stand under a certain voltage with zincite 
positive it may frequently be restored to the condition of high 
resistance in which it again yields the unilateral curve. 

The second part describes the results obtained on examining the 
characteristics for the forty-five contacts possible between 10 
chosen substances. The conclusion is reached that the results in all 
cases are similar to those given by zincite-tellurium. No line could 
be drawn separating “‘ metallic ” contacts from those in which one 
or both conductors were “‘ crystals.” 

The results obtained are expressed in terms of a series in which the 
higher member behaves towards the lower as zincite to tellurium. 

Series : Zincite, brookite, molybdenite, chromium, galena, inserite, 
chalcocite, copper, chalcopyrite, tellurium. f 

In the third part the conclusion is drawn that in a contact yielding 
the unilateral (high resistance) curve, the resistance lies within the 
surface of the member standing higher in the series. Rough 
measurements showed that the weight required in these contacts 
diminished from about 1,000 grams for zincite to very light contact 
for the substances lying near tellurium, and it is suggested that this 
gradation in weight determines the relative positions arrived at for 
the respective substances. 


DISCUSSION. 
Mr. Duppxtt thought the author’s method of obtaining continuous 


curves much more satisfactory than the ordinary method, as it gave less 
chance of the point contacts altering during the experiment, and, further, 
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the arrangement of the minerals in the table he gave appeared to have 
-some correspondence with their order of sensibility when used as wireless 
rs. ‘ : 

Sais. D. OweEN attributed much of the success of the author's experi- 
ments to the attention paid to the preparation of polished surfaces of 
-contact. It would be useful if the author would specify the curvatures 
-employed. The two types of characteristic might be accounted for by 
the greater or less extent to which the electrostatic attraction between 
-the contacts extend, type B occurring when that effect was large. Cal- 
culation proved that, assuming a P.D. of only one volt, and a distance 
apart of 10~7 cm. (ten times the molecular distance), the electrostatic pull 
was of the order of 1,000 gm. wt./mm?. It might in some cases be much 
_greater than this. , ! ; ; 

“” Mr. P. R. Coursey thought the main point of interest in the Paper was 
-the table in which the substances were arranged in the order of the effects 
obtained with them. It would be of considerable use if some connection 
could be found between the arrangement of the substances in this table and 
some of their chemical or physical properties, as it should then be possible 
to extend the present limits of the table to include new substances, and in 
-this way, it may be, to obtain perhaps even more sensitive wireless detectors 
than were at present available. 

The visual method of taking the characteristic was of value for rapid inves- 
-tigation of the behaviour of any particular contact, and in this connection 
che would ask the author whether in his experiments employing this 
method he obtained any evidence of a “ hysteresis” effect in the contact. 
A number of experimenters had stated that such an effect does exist, ard 
-it should be an easy matter with this arrangement definitely to decide the 
‘point for any contact or specimen. 

With reference to the jumping of the characteristic from the ““ A’ to the 
“““B” type of curve by the application of excessive voltage, it seemed 
-evident that this must be what happened when a strong “ X ” was received 
by a detector; but it does not, however, seem to explain an effect that 
‘he had noticed (and others had obtained similar results) when using a 
zincite-tellurium contact as a detector, that the impact of a strong atmo- 
- Spheric very often does not spoil the reception of signals, but sometimes they 
are actually stronger after it has passed. This may occur several times in 
. Succession, each time the strength of the signals rising somewhat, till finally 
a steady state seems to set in, in which signals are much louder than it was 
possible to obtain at first. 

The author mentions in the Paper that on no occasion has he obtained 
. characteristic curves concave to the volt axis, although Dr. Eccles’s theory 
‘indicates that such should be possible. On one occasion he had obtained a 
curve of a particular zincite-bornite contact that was concave to the volt axis 
on the side with zincite positive, but was convex with the zincite negative, 
while, moreover, it seemed to be a stable condition as the curve could be 
repeated (slide shown), It appears, however, to be rather a peculiarity of 
‘the specimens employed than a property of the materials, as with other 
-samples he had failed to obtain any such result. It seemed probable, too, that 
if the voltage limits had been taken higher the curve might have turned and 
become convex to the volt axis for the higher values. 

Prof. Forrescun communicated the following: The curves given in 
Fig. 1 are very interesting. I have repeatedly noticed the same thing 
with the zincite and galena series of contacts. |The breakdown is appar- 
‘ently due to increase of area of the contact, brought about by the increase 
-of mechanical pressure or by the softening, or even fusing, of one of the 
materials when high voltages are applied. The re storing effect of the 
“reverse current is not so easy to explain; possibly it may be some electro- 
lytic action, I have never found a point which had been rendered 
‘conductive by heavy mechanical pressure restored in this way. The 
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tabulation of the substances given on page 2 can also be carried out from 
their thermo-electric properties with similar results. Carborundum, 
however, presents a difficulty, as it can be strongly positive or negative, 
and is to a large extent independent of the mechanical pressure. 

The AurHor, in reply, said that it seemed likely that some correspondence- 
would exist between the order of the substances in the table and the be 
haviour of the contacts as detectors. If the conclusion of Pierce is accepted, 
that the characteristic is still followed under high frequencies, the point of 
best sensitiveness for weak signals should lie near the maximum curvature. 
The discussion of this question is scarcely possible within the limits of the 
present note. The ease of adjustment is an important factor in practice ; it 
seems dependent on two conditions: (1) The breakdown may supervene 
before the bend in the A curve is reached. This is especially true of the 
metals. (2) The weight permissible for a given contact pair lies between 
a lower value, for which both surfaces are poor conductors, and an upper 
limit at which they conduct yielding a relatively symmetrical curve. The 
further apart the bodies are in the series the greater is the range of weight 
over which they give the A curve, and the greater, therefore, is the ease of 
adjustment. * 

He had not so far been able to connect this series with one derived from 
-other physical properties. Hysteresis, such as was described by Pierce, 
was observed. This, however, he would assign to alteration and recovery. 
Tf the breakdown in Fig. 1 is made less marked, the curve becomes extremely 
similar to the hysteresis curve. In some experiments the change was so 
_slight that even with the mirror the step was not obviously discontinuous. 
‘The action of an X on the detector can scarcely be predicted from the change 
in the characteristic alone. It would be interesting to see the nature of the 
characteristics immediately before and after such an alteration. If the X 
was strongly damped the first impulse might tend either to breakdown or 
to recovery. The curve shown by Mr. Coursey was extremely interesting. 
He had traced several curves for zincite-bornite, but had not encountered 
this form. 

The curvature of the surfaces appeared to be immaterial. The form of the 
area of contact would apparently be that of a small element of the harder 
surface. Provided the radius of curvature were not comparable with the 
diameter of contact, the area would be virtually plane ; for this reason no 
special shape beyond that of a blunt point was attempted. Different con- 
siderations might, of course, apply to the use of splintered points of mineral. 
The electrostatic attraction does not seem to offer of itself any possibility 
of a unilateral effect, since the force on interchanging + and — signs would 
be the same. Some unilateral property would still be required. In the case 
of zincite the area in most cases was nearer 0-01 sq. mm. than 1-0. This 
would require a higher potential gradient, of the order 10° volts per centi- 
metre. As the dielectric strength of mica is only 2 x 10° volts per centimetre, 
the strain in the intervening space would be considerable. If the electro- 
static pull were the direct cause of conductivity in the B curve, the curves 
A and B should be tangential at the origin, for here the pull has a negligible 
effect on the natural resistance of the contact. As far as could be seen, the 
two curves cut at a finite angle. Possibly the mechanical breakdown of 
some film might be assumed, but the high weights in zincite contacts offered 

. difficulties. 

The recovery of the contact was undoubtedly one of the most difficult 

features of these curves. It seemed impossible to conceive a mechanical 

. change which would be reversible to such an extent. The writer felt that 
the published thermo-electric data which he had encountered were too few 
and conflicting to permit a comparison with any degree of certainty. The 
behaviour of such a mineral as pyrite, which exists in two widely different 
-thermo-electric forms, should yield interesting information. : 
The very high weights required by carborundum would suggest that it 
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should behave in the same way as zincite, possibly lying beyond it in the 
table. A very good unilateral curve was published by Pierce,* and this 
curve has the high current with carborundum negative, “ current (in the 
crystal) toward the platinised surface,” as would be expected. The diffi- 
culty with carborundum may arise in some cases from the incomplete contact 
with the fusible metal, and also from the possibility that many of the curves 
under light pressures were very probably of the B type. Like cassiterite,t 
carborundumt appeared to be a colourless substance, owing its colour and 
possibly its conductivity to dissolved matter. The variations in the elec- 
trical properties of such bodies were probably very great. 


* GL W. Pierce, Tun Exvxcrrteran, December, 1907, p. 375. 
+ Th. Liebisch, ‘‘ Sitzungsber. d. IK. Preuss, Akad.d. Wiss,” 1911, 4142. 
t “ Zeit fur Kryst,” L., 33. 
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VI. Thermal Conductivity. Part II. : Thermal Conductivity 
of Badly-conducting Solids. By THomas Barratt, 
ARCS BSC. 


RECEIVED OcroBER 13, 1914. 


I. Introduction and Historical. 


A NEw method of measuring the thermal conductivity of 
solids was recently described by the author,* and the method 
was applied to the determination of the conductivity of 
certain of the rarer metals and alloys at air temperatures and 
at 100°C. 

The same arrangement—with one or two modifications— 
has now been employed in the measurement of this property 
in the case of badly-conducting solids. The results are given 
in detail in the following Paper. A number of typical sub- 
stances have been tested—e.g., woods, both hard and soft ; 
common electrical insulators, such as glass, fused silica, 
ebonite, and firebrick; and in addition, carbon, which is 
a partial conductor of electricity. The results indicate 
that the method adopted is as successful in the case of 
these substances as it proved to be when pure metals and 
alloys were under investigation. Perhaps the most interesting 
point in connection with these measurements is the fact that 
precisely the same method, and in the main the same apparatus, 
have been employed both for metals and non-metals. Up to 
the present time the methods adopted for the determination 
of the thermal conductivity of non-metallic substances have 
been essentially different from those used in the case of metals, 
so that the present series of experiments affords an opportunity 
for the first time of a direct comparison of the conductivities of 
the two classes of solids. 

The experiments of Lees,f of Jager and Diesselhorst,{ and 
of the present author § have shown that the thermal con- 


* T, Barratt, ‘Proc.’ Phys. Soc., XXVL., Part V., pp. 346-371, Aug., 
1914. 

+ CG. H. Lees, Bakerian Lecture, Roy. Soc., 1908.» 

+ W. Jiiger and H. Diesselhorst, ‘““Abh. d. Phys. Tech. Reich.,” 3, 269, ° 
1900. | 
§ T. Barratt, loc. cit. 
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ductivities of some of the pure metals—notably bismuth and 
lead—are of the same order of magnitude as those of some of 
the non-metals. For example, quartz and graphite gave 
results considerably higher than those of bismuth (Lees, and 
Barratt, loc. cit.). In the following investigation the results 
obtained for bismuth and lead by Jager and Diesselhorst have 
been adopted as a starting point, and the conductivities of the 
non-metals deduced by direct comparison. 

Of the methods employed up to the present time, the disc 
arrangement of Lees and Chorlton,* and of Lees,t is perhaps 
the most accurate and best known. This method has been 
used, with unimportant modifications, by several experi- 
menters, including A. Eucken,t some of whose results are 
alluded to in a later section of the present Paper. (See Sec- 
tion 5.) 

Another arrangement, similar in some respects to that of 
Lees, was adopted by Biquard, for the measurement of the 
thermal conductivity of heat insulators. The material was in 
the form of a circular plate, surrounded by a guard-ring of 
copper, thus securing a normal flow of heat, this being supplied 
by a current of warm water maintained at a constant tem- 
perature. On the plate and guard-ring were placed concentric 
boxes full of broken ice. The rate of melting of the ice gave 
an indication of the heat supplied. The method is in some 
respects similar to that employed by Berget for the conduc- 
tivity of metals, and shares with it the disadvantage that the 
temperature of the side of the plate next the warm water is not 
the same as that of the water. Again, the presence of the 
metallic thermometers employed interferes considerably with 
the uniformity of the flow of heat through the specimen, and 
with its temperature as given by these thermometers. In the 
method described in the present Paper the specimen is com- 
pletely bare from end to end, the platinum thermometers 
rere being in positions quite removed from the solid 
itself. 

A totally different arrangement was that employed by 
Clement and Egy § in the measurement of the thermal con- 
ductivity of fireclay. The substance was in the form of a 


* Lees and Chorlton, “ Phil. Mag.,”’ [5], 41, 495, 1896 
t ©. H. Lees, “ Phil. Trans.,” 191,399, 1898. 
{ A. Eucken, “ Ann. d. Physik.,” 34, pp. 185-221, February 3, 1911. 


§ J. K. Clement and W. L. Egy, ‘‘ Met. » 
July, 1910, gy, Met. and Chem. Eng.,”” 8, pp. 414-416, 
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cylinder, 40 cm. long, 12 cm. diameter, and was heated elec- 
trically by a nickel wire spiral passing through a hole along its 
axis. The temperatures at various distances from the axis 
were measured by thermo-couples, whose presence must lead 
to the same distortion of the flow of heat as noted above in 
Biquart’s method. 

A somewhat similar method, again, was employed by R. 
Melmer,* in the case of substances such as fats, earth, and 
sands. A thin central platinum tube, within which was a 
mercury thermometer, was heated by an electric current. 
Concentric with this was a wider tube of brass, the substance 
being tightly packed in between the two tubes. Measure- 
ments were made of the heat supplied and of the temperatures 
of the platinum and the brass, and the thermal conductivity | 
deduced. 


2. Arrangement of Apparatus. 


The substances tested were in the form of accurately turned 
cylinders of diameter 5mm. or 6mm.,and of lengths from 5 cm. 
to 20cm. Each cylinder was lightly and uniformly painted 
over with a dead-black varnish, consisting of an aniline dye 
dissolved in amyl acetate. One end of the cylinder AC (Fig. 1) 


=—— 
G 


Bids hi 


fitted accurately into a slightly conical hole bored in a copper 
cylinder CC, of length 4 cm., inner diameter 6-5mm. Around 
CC was wound 3 metres of single silk-covered pure platinum 
wire, gauge 30. Around this coil of wire a single layer of shellac 
varnished silk paper was pasted. Over this again was another 
copper cylinder, C’C’, whose thickness increased from zero at 
one end to about 2 mm. at the end into which the cylinder AC 
fitted. 
Inside the inner cylinder was a platinum thermometer Pz#,, 
which gave the temperature of the end C of the cylinder AC. 
A thin glass tube CG served to keep the apparatus steady and 
in the centre of a water or steam jacket which enclosed the 


* BR. Melmer, “ Akad. Wiss. Wien.,” Sitz. Ber. 120, pp. 269-281, March, 


1911. 
F 2 
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whole apparatus, and maintained its temperature constant. 
This temperature was registered by a second platinum ther- 
mometer, Pt,, which rested within the outer jacket just opposite 
the middle point of the specimen AC. _ The difference of tem- 
perature (V) between the “ hot ” end of the cylinder AC ard 
the enclosure was thus given by the difference of the readings 
(Pt,—P?,) of the two platinum thermometers. The ends of 
the platinum wire wound round the inner cylinder were con- 
nected to a carefully calibrated potentiometer, which, in con- 
nection with a standard one-ohm coil, enabled one to obtain 
the current (C) through the wire, and the E.M.F. (E) at its ends. 
The arrangement of the potentiometer, &c., was precisely the 
same as that described in the Paper already referred to on the 
‘Thermal and Electrical Conductivities of some of the Rarer 
Metals and Alloys.” (T. Barratt, loc. cit.) 

It was shown by the author in this Paper that the thermal 
conductivity “k” of a substance under the above conditions 
is given by 

H? coth?al 
k= pghV? ites! aoe Re 


where H is the heat received by the cylinder at its hot end, 

p is its perimeter, 

q its cross-sectional area, 

h the heat lost from 1 sq. em. of its surface per second per 1°C. 
difference from its surroundings, 

V the difference of temperature between the hot end of the 
cylinder and the enclosure, 

I the length, and 


When J is long enough, this e 


; xpression reduces to the very 
simple form . 
H2 


t—OhVe . . . . . . . . (2) 


and the latter form of the equation has been employed in nearly 
every case treated in the present series of experiments. 

A simple proof of this latter equation, from first principles 
may be of interest. : 


Let the cylinde be placed in a gas at zero ‘temperature, 


THERMAL CONDUCTIVITY. 85 


The amount of heat per second through a plane at distance x 
from the hot end (which is at temperature V) is 


The heat through a parallel plane at distance «+dz is 
d dv 


Hence the heat lost from the surface (of area p . dx) between 
these planes is 


2 
kg ode =pacho. 


Multiply each side of this equation by giv and integrate. 


: da 
hg( o)=hpo+ A. 


If the length of the cylinder is such that a part of it is at the 
temperature of the enclosure, we have, at points where »=0, 


dv 
n° 
Hence A=0; 
dvs? 
and kg( 5) hp eee ee ene (A) 


This equation is applicable at every point of the cylinder. At 
the hot end, where v=V, 


H=—hq-.. . . , ‘ . . (B) 
Hence, from (A) and (B), 
Li: a , 
He 
or  pghV? 
The amount of heat (H) given to the specimen cylinder is 


equal to = where C, H, are the current and E.M.F. 


respectively with the specimen in place ; and O’E" are corres- 
ponding quantities when the specimen is replaced by a copper 
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plug whose end is flush with the end of the copper cylinder, CC, 
the excess of temperature, V, being maintained the same in 
both cases. A correction, which is in some cases a compara- 
tively large one, has to be made for the heat lost from the ex- 
poscd end of the copper plug. This is done by adding to “ H 
as calculated above a quantity (H’) obtained by the product 
of g,h and V. The accuracy attainable in this correction 18, 
however, just as great as that obtained in the main experiment. 

In performing an experiment, the specimen is put into 
position, the current turned on, and the apparatus left for one 
or two hours till conditions have become steady, when C, E, and 
V are carefully measured. The cylinder is then removed, 
the copper plug substituted, and the current adjusted so as to 
keep V the same as before. (This latter operation takes only 
a few minutes, so that little or no alteration of temperature 
takes place within the enclosure.) C’ and E’ are then quickly 
determined. The arrangement of the electrical part of the 
apparatus is the same in all respects as that employed by the 
author in the case of metals, in the Paper referred to above, 
and it is therefore unnecessary to describe it in detail. 


“3. Determination of “ h.” 


]In order to determine the amount of heat, “h,” lost per 
second by 1 sq. cm. of surface of the substance when its 
temperature is 1°C. above that of its surroundings, it is clear 
that in consequence of the very low electrical conductivity of 
the specimens employed, a direct method is inconvenient, if 
not impossible. 

From equation (1), however, we obtain 


pt coth?al 

pgkV? * 
Assuming Jiiger and Diesselhorst’s results for the thermal con- 
ductivity of bismuth or lead, the remaining quantities on the 
night-hand side of this equation can be obtained by the same 
series of measurements as are made in the main experiments. 
This has therefore been done in the case of pure lead and of pure 
bismuth at temperatures 20°C. and 100°C.; and the mean 


| results of a great number of experiments gave the values of 
h” as follows :— 


“h” at 20°C. =0-000224 ; “hk” at 100°C. =0-000265. 
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Below are recorded the measurements made in two of these 
experiments. 


BISMUTH. 
July 7th, 1914. Temperature 20°C. 
Radius, r=0:300 cm., pg=27??=0-533 ; k=—0-0194. 
V=Pt, —Pt,=9-190°C., H’=ghV =0-00088. 


2.. With copper plug in place. 


1.. With bismuth rod in place. 
Pi,—Pé maintained 9-190°C. 


| 

) Pt, —Pé,=9-190°C. 
| - *F = 6283 
| 
\ 


HY =5122 
*C=388-7 | C/=317-2 
+W=3898 W=3898 ; 


* Cand E are readings on potentiometer, in ohms, corresponding to current 
through wire, and E.M.F. at its ends, respectively. 
+ Wis the reading when a Weston cell is in place. 
The true “ E” is obtained from the expression E/W x E.M.F. 
of Weston cell, and similarly for true current “ C.” 


Hence H=(CE—C’B’)/J =0-01334. 
H’=ghV=0-00058. 
True “HH =0.01392, and H2=0-0001938. 


“hh at 20°C. =(H2 coth2l)/(pgkV2)=0-000223 


LEAD. 
July llth, 1914. Temperature 100°C. 
Radius r=0-267 cm., pg=0-3756 ; k=0-082. 
V=7-044°C. ; H’=qhV=0-00047. 


a, ee ee eae 


1. With lead in place. 2. With copper plug in place. 
Pt, —Pi,=7-044°C. Pt,—Pt, maintained 7-044°C. 
E=7153 EH’ =5263 
C=365°8 C’=269-2 
W=3897 |  W=3897 
Hence H=0-01963 ; H’=0-00047. 
True H=0-02010 ; H?=0-0004040. 


and “h” at 100°C.=(H? coth2al)/(pghV*)=0-000265. 

The values obtained for “ h”’ at 100°C. in the case of bismuth 
showed good agreement with those for lead; and, similarly, 
for both metals at 20°C. This affords a verification of the 
values for the thermal conductivity of these metals as given 
by Jager and Diesselhorst in the Paper already referred to. 
The rods of bismuth and lead employed in the experiments 
detailed above were of sufficient length to make the value of 
coth2al almost negligible in each case. 
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4. Determination of Thermal Conductivity, “ k.” 


In order to determine the thermal conductivity, k, the 
procedure already detailed in sections 2 and 3 was followed. 
In the calculation of “ &” from these measurements the values 
of “h” previously obtained, viz. 0-000224 at 20°C. and 
0-000265 at 100°C., were substituted in the equation, 
k=(H? coth?al)/(pghV2), and the thermal conductivity, k, at 
once deduced. 

Below are given full details of two of the experiments, 
together with the method of reducing the results. 

Rep Fisre. 
July 15th, 1914. Temperature 20°C. 
Radius r=0-336 cm. ; pgh=27°7Ah=0-0001677 


| 1. Specimen in place. 2. Specimen replaced by copper plug. 
| Pt,—Pt,=V=10-191°C. V maintained at 10-191°C. 
| E=5687 E’=5360 
| C=3495 C’=329-5 
W=3900 W=3900 


E.M.F. of Cadmium Cell—1-0186 volt. 


True current=C/W x 1-0186. 
True E.M.F.=E/W x 1-0186. 
Heat given (H)=(EC—E’C’)/J W2x (1-0186)? + ghV. 
=0-003609 calories. 
Hence “k” at 20°C. =(H? coth*al)/(pghV2)=0-00112. 


Rep Frere. 
Sept. 8th, 1914. Temperature 100°C. 
| Radius r=0-336 em., pgh=0-0001984. 


1, Specimen in place. 2. Specimen replaced by copper plug. 
Pi— Pt, =V=10-57°C. Vv schiainia * 10-575C. alt 
E=7060 E’=6693 
C=359-7 C’=340-1 
W=3879 W=3879 


Heat given =(EC—E’0’)/(JW2) x (1-0186)2 ;_ ghV=0-005143 


calories, 
k at 100°C. =(H2 coth?al) /(pghV*?)=0-00119. 


In the accompanying table (Table I.) are gi i 
: ; given the experi- 
mental details relating to the measurement of the ree 


conductivity of all the metals tested i 
and at 100°C. , both at air temperatures 
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The results have all been corrected in the following 
particulars :— ‘ 

" “1. Calibration of coils of resistance boxes used in potentio- 

meter. 

2. Standardisation of the one-ohm resistance coil and of the 
three cadmium cells used. 

3. Calibration of coils of platinum resistance bridge, and 
reduction of platinum temperatures to the hydrogen scale. 

The instruments used were precisely the same as those 
employed in the determination of the thermal conductivity 
of pure metals and alloys in the Paper mentioned before. 

The correction due to the “ resistance at the jot ” between 
the specimen and the copper block into which it fitted is 
eliminated in the present series of experiments, being allowed 
for in the determination of “kh,” when a bismuth or lead 
cylinder is employed. It may be assumed that the “ joint 
resistance ” is the same in the case of the bismuth or lead as 
when the other (similar) cylinders are substituted in their 
place under precisely the same conditions. 

5. Discussion of Results. 

The values obtamed in the present Paper for the thermal 
conductivities of non-metals agree In most cases very well with 
those recently obtained—that is, where corresponding results 


are available. In Table Il. a comparison is made of these 
quantities. 


ene bie 
| | Thermal conductivity. | Thermal conductivity. 
| Subst ; y- ermal conductivity. 
be chica (Present Paper). (Previous results). 
(> St 
Scie giabsccncd 0-00172 at 20°C. | 0-0013 to 0-0018 (K and L) | 
_ Soda glass.......-+) 9.00182 at 100°C. f | 0-00227 (12° to 32°) (P). | 
) genres J 0-00042 (L). 
| Ebonite........000 Hes pre gonlt 8s | 0-00038 at 90°C, 
| 0.0085 at 200. | a 
(Gas Carbon.) {O-0008 vt poe, + | 0-012 (K and L). 
: Mahogany......... 0-000509 at 20°C. 0-0005 (L). 
| 0-000605 at 100°C. 
Oakes aes 0000583 at 20°C. 0-0006 (K and L). 
0-000607 at LOOPC. : 
Pee Se a 0-0011 °C, 
| Firebrick.......... anita of Hodis | 0-0024 (H, L and D) 


ioe 


“ar and L refers to Kaye and Laby’s Tables, pub. Longmans, Green & Co., 


Life. H. Lees, loc. cit. 

P:10. Paalhorn, Diss. Jena, 1894. 

D: A. Dina, Rend. Inst. Lombardo, 32,205, 1899. 

F: Forbes, “ Proc.” Edinb. Soc., 8, 62, 1874-75. 

H Land D: Herschel. Lebour and Dunn, Rep. Brit. Soc., 49, 1879, 
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It is to be expected that values obtained for similar sub- 
stances should differ rather widely, as it is obviously im- 
possible to obtain specimens identically alike of any particular 
substance of the classes dealt with here. Even in the mvestiga- 
tion of thermal conductivities of the metals most observers 
have noted the marked influence of even a minute percentage 
of impurity. This influence is, of course, much more powerful 
in the cases under investigation in the present research. 

It appears from the results that most non-metallic sub- 

stances conduct heat more readily at higher temperatures. 
~The same result has been noted by several other observers, 
notably Clement and Egy,* in the case of various samples of 
fireclay ; and Euckent in investigations on the conductivity 
of amorphous bodies. The latter observed (as in the experi- 
ments of the present author) that the thermal conductivity 
of ebonite did not change much with the temperature. The 
same observation may be made of the conductivity of “ red 
fibre ” and of firebrick. 

The results of the present series of experiments seem to 
indicate that the conductivity of most kinds of wood increases 
very rapidly indeed with the temperature. Too much 
significance, however, must not be attached to this, as continual 
heating at 100°C. probably has the effect of altering very con- 
siderably the structure of the wood. Experiment showed that 
constant results at 100°C. could not be obtained until the wood 
had been kept at this temperature for several hours. All the 
materials tested were therefore treated in this way before the 
final measurements were made. 

A slight modification of the arrangement described above 
is being employed in an attempt to determine the thermal 
conductivity of liquids. 

The research has been carried out at the Wandsworth 
Technical Institute, and my thanks are due to the Principal 
and Governors of that'Institute for their kindly interest in the 
experimental work. 


ABSTRACT. 


‘The thermal conductivities of a selection of non-metals at 20°C. and 
100°C. have been determined by precisely the same method, and in the 
main the same apparatus as was recently employed by the author in the 
determination of the “Thermal conductivity of some of the rarer 


* J. K. Clement and W. L. Egy, loc. cit. 
+ A. Eucken, loc. cit. 
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metals and alloys.” The substances treated were in the form of 
accurately turned cylinders, placed in an enclosure at constant temper- 
ature. Measurements were made of the heat given (electrically) to one 
end of the cylinder, and of the temperatures of this end and of the 
enclosure, and the thermal conductivity deduced from a simple formula. 
A table of results is given, which agree well with those obtained by Lees 
and other observers in cases where a direct comparison is available. 


DISCUSSION. 


Dr. HaKER mentioned that the fo-mala used by the author assumed 
that the isothermal surfaces in the specimen were plane. This would not 
be far wrong in the case of good conductors, but it might introduce 
serious error in the case of substances such as those now treated. He 
also doubted the validity of the assumption that “‘h~ was proportional 
to V for any but very small differences of temperature. The results 
given in the Paper for firebrick were about 20 times lower than those 
given by other observers, including recent determinations of his own. 

Mr. F. E. Smrru asked why the author put his second thermometer inside 
the enclosure maintained at a constant temperature. If the enclosing vessel 
is of metal, and water at constant temperature circulates, is it not better to 
take the temperature of the water ? There must be a temperature gradient 
between the hot rod and the enclosing vessel. The second Pf thermomete> 
lies on the gradient. Does the author assume the Pt thermometer to have the 
same temperature as the enclosing vessel ? With regard to the temperature 
distribution at the hot end of the rod, he was at first of opinion that the 
author was in error, but afterwards found it difficult to make a definite state- 
ment owing to lack of data. He would, however, be glad if the author would 
give the solution of the following problem. Instead of a poor conducting rod, 
imagine a rod of an absolute insulator with regard to heat (i.e., it is im- 
possible to change its temperature) to be used. Then no heat can be given 
to the Pt thermometer from the end of this rod, and it appears that the tem- 
perature of the heater must be higher than before if the Pt thermometer has 
the same temperature. Will the author give his ideas as to the distribution 
of temperature in this case and that when the copper plug is substituted, in 
order to see whether it is likely that the conductivity of the rod would come 
out zero? He did not like the symbols used by the author, and thought it 
would have been simpler to give the energy rather than readings of E.M.F. 
and resistance. 

Dr. RussExu said that it was important to know how much of the heat 
was lost by radiation and how much by convection currents. The 
author’s emissivity constant seemed to include both. With ordinary 
copper wires suspended in air it was known that about 90 per cent. of the 
total heat emitted was taken away by convection currents, and only 
about 10 per cent. was lost by radiation. Newton showed that the 
conveoted heat carried away was proportional to the difference of tem- 
perature between the cooling body and the surrounding medium, and 
hence, so far as the convection loss was concerned, the author’s assump- 
tion was justified. Stefan’s law applied to the radiation loss, and, 
strictly speaking, the assumption that this loss was proportional to the 
difference of temperature was only permissible for small differences of 
temperature. Luckily, however, this loss was small, and he did not 
think that the accuracy of the results obtained was appreciably affected 
by the assumption. 

: a sat age Pie the following reply : The points raised 
‘ y Gur coe nie Le lieve, in each case due either to misapprehension 
“tea wee ae . vance proofs, In the first place, the diameters of 

p ns were 5 to 6 millimetres (not centimetres, as given in one 
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part of the Paper). The ratio of the sectional area to the thermal con- 
ductivity thus remains approximately the same as in the experiments on 
metals. This part of the criticism applies to practically all recent 
determinations cf the thermal conductivity of metals where the dimen- 
sions of specimens are of the same order as in the present experiments. 
As Dr. Russell remarks, Newton’s law of cooling is applicable to that part 
of the heat lost by convection, and also very nearly to that lost by 
radiation, provided the excess of temperature of the rod is not great. In 
the present research this excess of temperature was no greater than 
10-6°C. Finally, the value of “‘ k” in the case of firebrick is that given 
in the main table of results—viz., 0-0010. The value referred to by Dr. 
Harker is again a misprint. In reply to Mr. Smith, it is unsafe to put a bare 
platinum thermometer in water or steam, and, in addition, the temperature 
-to be measured (P#,) is that of the enclosure, which may be (especially at 
steam temperatures) slightly different from that of the ‘‘ jacket.” I feel 
certain there is little or no temperature gradient within the enclosing vessel, 
as the water equivalent of the latter is enormously greater than that of the 
rod, which is, in addition, never more than 10°C. higher than that of the 
enclosure. With regard to the problem proposed by Mr. Smith, there is no 
‘such thing as a perfect heat insulator. It may be safely assumed that the 
“hot” end of the rod acquires the temperature of the copper cylinder as 
given by the thermometer Pf). It might happen, however, that the rods 
were of such low conductivity that a smaller amount of heat is ost from it 
than from the end of the copper plug (h.g-V)._ This contingency is allowed for 
in the calculations, for the value of CE—C’H’ would then become negative. 
In the extreme case given by Mr. Smith, CE—C’E’ would be just equal to 
h.q.V, and would, therefore, give a zero value for H, and therefore also for the 
conductivity. 
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VII. Ionisation. By Str J. J. Toomson, O.M,, F.RS. 


By ionisation we mean the production in a medium, whether 
solid, liquid or gaseous, of particles charged with electricity 
which can be set in motion by an electric field and produce a 
current of electricity through the medium. [onisation can be 
brought upon in many ways: By light, as when light falls on 
a metal surface, or when ultra-violet light of less than a certain 
wave-length passes through a gas; by Rontgen rays, which 
ionise solids and liquids, as well as gases, when they pass 
through them; by cathode rays, by positive rays, by beat 
as in the gases in a flame, by solution, by bubbling gases 
through liquids. In some cases possibly by chemical action, 
though in the great majority of cases the ionisation is due to the 
heat produced rather than to any special ionising effect due to 
chemical change. We know, for example, many cases of 
chemical action which are not accompanied by ionisation. The 
combination of hydrogen and chlorine is a conspicuous one, 
another is the dissociation of nickel carbonyl, which takes place 
at comparatively low temperatures, but is not accompanied by 
ionisation. 

What is the nature of the carriers of these electric charges ? 

We must distinguish here between two different questions : 
(a) The nature of the carriers when they are first produced, and 
(b) when they have got into equilibrium with their surroundings. 
The study of the mobility of the ions, the speed at which they 
diffuse through the surrounding gas, or their velocity when 
acted on by given electric forces has thrown considerable light 
on the second question, the nature of the ions when in equili- 
brium. The most important properties brought to light by 
researches on the mobility of the ions are the following :— 

1. The mobility of an ion depends only on the nature of the 
gas through which it is moving, and not upon the gas from 
which the ions are produced. Thus, if we ionise by Réntgen 
rays a mixture of iodine vapour and hydrogen gas, some of the 
ions will arise from the ionisation of the iodine and others from 
that of the hydrogen, the mobilities of the two kinds of iron 
through the mixture are the same. 

2. Through a considerable range of pressures, the mobilities 
are inversely proportional to the pressure. In the case of the 
negative ions when the pressure is reduccd below that due to 
a centimetre or so of mercury the mobility increases much 
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faster with diminution of pressure than this law indicates. 
Some recent experiments by Mr. Todd indicate that a similar 
result is true for positive ions, though the pressure at which the 
abnormality sets in is very much lower than for negative ions. 

3. When the density of a gas remains constant the mobility 
of ions through it is independent of the temperature through a 
wide range of temperature. 

4, The mobilities through several gases, such as hydrogen, 
argon, nitrogen, are very approximately inversely proportional 
to the square roots of their atomic weights ; this is not true for 
easily condensed gases, and there are some exceptions to it for 
the more permanent ones. 

5. The mobility does not depend on the charge on the ion— 
i.¢., it is the same for singly as for doubly charged ions. 


Theories of the Mobility of Ions. 


Expressions for the mobility of ions through gases have been 
worked out on two assumptions: (1) That the effects of col- 
lisions between ions and molecules are similar to those between 
two hard elastic spheres, and (2) that the effects produced. by 
the molecules on the ions are the results of attractive forces 
between the atoms and molecules varying inversely as the fifth 
power of the distance between them ; this law represents the 
force between a charged particle and an uncharged conductor 
when the distance between the two is large compared with the 
linear dimensions of the conductor. On the first theory I find, 
taking into account “ persistence of velocities ” (see Jean’s 
“‘ Dynamical Theory of Gases,” p. 236), that R, the velocity 
of the ion under unit electric force, is given by the equation, 


hed splot (M,+M,\! 5/M,+3M, 
Naot /M. Ql MGM, J 4\M.45M,7’ 

sf nlle pete 5M,’+(M,+3M,) ; 

e =Nao/MOQ\ M,M, / 15M,?+10M,M.—M,” 


according as M; is greater or less than M,. N is the number 
of molecules of the gas per unit volume, M the mass of a 
hydrogen molecule, @ its average velocity at the temperature 
of the gas, M, the mass of an ion, M, that of a molecule, o the 
sum of the radii of an ion and a molecule, and e the charge on 
an ion. 

Let us first consider the variation of R with the masses of 
either the ion or molecule. 
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If M,=M,, th 


e 5 “a 2 
R=aotyM.06V M, 
If M, is large compared with M,, then 
e 3 1 
R=—— Aral = 
Nao?/MQ4 M, 

Thus, if « were unaltered, the mobility of an ion would become 
independent of its mass as soon as that became a considerable 
multiple of that of the molecule of the gas through which the 
ion was moving. The fact that the mobility of all ions through 
the same gas is the same implies on this theory that all the ions 
should be of the same size, and, what is still more remarkable, 
since in many gases the mobility of the ions varies inversely 
as the square root of the atomic weight, it follows from the 
expression for R that for all these gases should have the same 
value—.e., that in all these different gases the ions should be 
of the same size. From the values of the coefficients of 
mobility for positive ions I have calculated the relative values 
of o for the positive ions in a number of gases ; the results are 
given in the following table :— 


Gas 


seabsisdeaum un gumina tee esenk nakiren Walaa iene os aaa eee eee o 

1 Se ee eee ET TS 62-0 
Dig Le caceoeeGiev bin dil le ea estat me ae 63-8 
FE G: # “siaretbeinas clang tetas eee cee ails et etek cc IR CI ret a 61-5 
ct gpa Pad Ek Be sep me 56-5 
INR Bde cata SUA cos dec ere 69-0 
WO y aidiweronipcuetanetec ees veranda tngunwecgien tate tea tanec 69-0 
GO Skiccccanss puck sstechsscecsaters seit oe ae nee ance anne 90-0 


These values are on an arbitrary scale; the absolute value 
, 3 2 

of o calculated by the same formula for hydrogen is = x 10~%em. 
m 


the value usually assigned to the diameter of a moeleule of 
hydrogen is 2-1x10-‘cem. Thus the diameter of the cluster 
formed by the ion and a hydrogen molecule is about a times 
the diameter of a hydrogen molecule. Thus, though the ion is 
bigger than the molecule, it is not extravagantly so, and as the 
size of the ions in different gases tend to equality, the dispro- 
portion between the sizes of the ions and molecules would be 
less for the heavier and larger molecules than for those of 
hydrogen. In the case of easily condensed gases, such as 
ammonia gas, the vapours of alcohol and ether the size of the 
ions is considerably greater than fer the more permanent gases. 

According to the expression for R given above, the effect of 
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temperature on the mobility of the ion would depend upon the 
variation of 1/No?Q with the temperature, or, when the gas is 
kept at constant volume, so that N is constant, of 1/o?Q. 
But © varies as 6! when @ is the absolute temperature, so 
that the temperature variation would be that of 1/o76?. Now 
Phillips’ experiments show that, through a considerable range 
of temperature, R for constant volume is independent of the 
temperature. This necessitates 76? being constant. We may, 
perhaps, account for this in some such way as the following : 
The aggregates which form the ions are doubtless brought about 
by the condensation of the molecules under the attraction 
exerted by the electric charge at the nucleus of the ion. Statis- 
tical equilibrium will occur when the destructive effect of the 
collisions of the molecules against the aggregates is balanced 
by the condensation due to the electrical attraction, and the 
thermodynamics of this process shows that when this equili- 
brium occurs the work required to detach an uncharged 
molecule from the aggregate must be commensurate with the 
kinetic energy of a molecule of the gas—z.e., must be propor- 
tional to the absolute temperature. If the uncharged molecule 
is regarded as analogous to a conducting sphere, and the elec- 
trical action of an ion as that due to a charge, e, at its centre, 


the work required to separate the uncharged molecule from 
2 

the ion would be proportion to = _ v, when vis the volume of the 
oO 


uncharged mclecule. In equilibrium this is proportional to 4 ; 
2 . 

hence = is proportion to 8 or o? proportional to e@"}. Thus 
oOo 


02 would be constant, and therefore R for constant density 
independent of the temperature. 


As on this view <v is proportional to the absolute tem- 
a 


perature, e/o?, and therefore R, should vary as vt, and thus 
the velocity of the ions through different gases should vary 


eee , and not as , which is what the experiments 
2 VM, 

indicate. 

If we suppose that from time to time the positive ion attracts 
a corpuscle and remains connected with it for a short interval, 
the connection being so loose that it can be broken up by 
collision with the molecules without the aid of any external 
agent, such as Rontgen rays ; the mobility as determined by 
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many of the methods would be reduced by an amount depend- 
ing on the proportion between the time the ion was free from 
the corpuscle to the time when it was in combination with it. 
This correction would depend on the intensity of ionisation, and 
would be greater when the ionisation was strong than when it 
was weak, and thus the mobility of the ions would depend 
upon the intensity of ionisation. No such effect has yet been 
discovered in gases at ordinary temperatures, and we conclude, 
therefore, that in these cases the correction is not important. 


On the theory indicated above, < depends only upon the 


temperature ; thus o? will be proportional to e, so that the 
mobility of the ion will not depend upon its charge. This is nm 
agreement with experiment. 

When the mass of the ion is very small compared with that 
of the molecules of the gas, as is the case when the negative 
ion is a corpuscle, the expression for R becomes 

e 1 
R= & Area ne 
Nac ?VY¥MOQvyM, 

where o, is now the radius of a molecule of the gas. Thus the 
mobility on this view is increased in the proportion of ,/M,/M, 
in consequence of the diminution of mass ; also in the propor- 
tion of o?/a,* im consequence of the corpuscle being so much 
smaller than the ion. In gases such as air, hydrogen, oxygen 
the velocity of the negative ion is a little greater than that of 
the positive at pressures down to a centimetre or so of mercury. 
At lower pressures it becomes much greater than that of the 
positive ion, and the ratio of the mobility of the negative 
to the positive increases as the pressure diminishes. This 
suggests that at these lower pressures the negative ion is for a 
considerable fraction of its existence a free corpuscle, but at 
times gets attached to a molecule or aggregate of molecules of 
the gas, when it moves much more slowly. After a time it 
can get detached from this aggregate by causes other than the 
primary ionising agent. The negative ion thus alternates 
between a free corpuscle and a negatively charged aggregate 
and the mobility will depend on the relative times it spends 
in these conditions. 

In the cases of argon and nitrogen very carefully freed from 
all traces of oxygen or water vapour, Franck and Pohl have 
shown that even at atmospheric pressure the mobility of the 
negative ion is as much as 200 times that of the positive one, 


oe ke 
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showing that the negative corpuscles cannot attach themselves 
to molecules or aggregates of molecules of these gases. They 
have shown, too, that the presence of even a fraction of 1 per 
cent. of oxygen is sufficient to reduce the mobility of the 
negative ion to a value but little greater than that of the 
positive one. 

Let us now consider for a moment another theory of the 


mobility of the ions, the theory which supposes that the motion 


of the ions through a gas is determined, not by collisions like 
those between elastic spheres, but by forces between the ions 
and the molecules varying inversely as the fifth power of the 
distance between them. Maxwell worked out the theory of 
diffusion for gases when the molecules repelled each other with 
forces varying inversely as the fifth power of the distance 
between them. We can easily adapt this theory to the case 
of anion moving through molecules which it attracts with forces 
varying inversely as the fifth power of the distance. If we do 
this we find that R, the mobility, is expressed by the equation, 


_e /M+M, 

~ NAV M,M,K’ 

where A is a constant, K the magnitude of the force between 
an ion and a molecule at unit distance, and, as before, e is the 
charge on an ion, M, and M, the masses of an ion and molecule 
respectively, and N the number of molecules per unit volume. 
It will be seen from this equation that as soon as M, becomes 
considerable with respect to M, the value of R depends but 
little on that of M,. On this theory, then, if the ion is a cluster 
of molecules, the mobility will depend but little upon the 
number of molecules in the cluster, it does not in this case 
matter about the size of the cluster, as there is no factor corre- 
sponding to the o* in the expression for R on the previous 
theory. Again, if K the measure of the force between an ion 
and a molecule, is independent of the temperature, R will, for a 
gas at constant volume, be independent of the temperature, a 
result indicated by Phillips’ experiments. Again, if the force 


R 


- between the ion and the uncharged molecule is due to the 


charge on the ion, K will be proportional to e?, so that R will be 
independent of the charge which is again in agreement with the 
facts. 

We have seen that the mobility of the ions through several 
gases varies as M,~?; interpreted in the light of the preceding 
expression, this means that K is the same for all these gases. 

G2 
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This is a difficulty in the way of this theory. We should expect 
K to be proportional to the moment of the electrical doublet 
induced in the molecule by the charge on the ion when placed 
at unit distance from the molecule, but «2—1, if w is the refrac- 
tive index of the gas, is proportional to the moment of the 
electrical doublet induced in a molecule of the gas by a con- 
stant and uniform field of electric force ; we should, therefore, 
expect K to be proportional to “2—1, and R to ((#°—1)M,)*+, 
and not to M,-?. There is no doubt, however, that In many 
gases R is much more nearly proportional to M,? than 
to {(u2—1)M,}. 

Let us now consider what on this theory would be the 
mobility of a negative corpuscle ; in this case M, is very small 
compared with M,, so that the formula becomes 


while the mobility of an ion through the same gas is 

e / g| 

NAV M,K’ 

if the force between the ion and the molecule were like that 
between a point charge of electricity and a conducting sphere, 
or a sphere whose specific induction capacity was greater than 
that of the surrounding space, K would be the same for the 
ion and the corpuscle, so that the mobility of the corpuscle 
would be 1/ M,/M, times that of the ion ; in the case of nitrogen, 
when M,/M,=28 x 1,780, the mobility of the corpuscle would. 
be about 220 times that of the ion, so that at 760 mm. pressure 
and 15°C. the mobility of the corpuscle would be about 200 
(cm./sec.) (volt/em.). This is of the order found by Franck 
and Pohl for the mobility of the negative carriers in nitrogen 
carefully freed from oxygen. On the other theory of mobility, 
the mobility of a corpuscle would be more than four times this ; 


Fé = where ois the sum 
a 

of the radii of an ion and a molecule, and o, the radius of a 

molecule, and o is more than double o,. 

Again, in those gases like hydrogen, helium, oxygen, nitrogen 
and argon, where R is proportional to M,~#, K must be constant, 
so that in all these gases the mobility of the corpuscle must be 
the ey a result which, as far as I know, has not yet been 
tested. ; 


for the mobility of the corpuscle is —— 
J a 
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For gases such as the vapours of alcohol, water or ether, 
which have abnormally large specific inductive capacities in 
comparison with their refractive indices, I have given reasons 
tor thinking (“ Phil. Mag.,” May, 1914) that some of the 
atoms in the molecule are positively, others negatively charged, 
so that the forces between these molecules and a charge of 
electricity would tend to vary rather as the inverse cube than 
the inverse fifth power of the distance. To these, therefore, 
the preceding theory would not apply, and as a matter of 
fact, the mobilities in these vapours are considerably less than 
those in the permanent gases. 


The Communication of Electricity from a Gas to a Metal. 


The study of the constitution and properties of ions leads to 
results which have an important bearing on the question of the 
communication of a charge of electricity from gas to a 
metallic electrode immersed in it. We have seen that in the 
inert gases, such as nitrogen and argon, the corpuscles in the 
gas do not attach themselves to the molecules. When they 
come into collision with these molecules they rebound in their 
original condition ; the impact of a corpuscle against a neutral 
molecule or atom does not result in the charging of the atom. 
Again, to deprive a positively electrified ion of its charge a 
corpuscle must attach itself to the ion. This corpuscle must 
come from somewhere, and to detach a corpuscle requires the 
expenditure of a finite amount of energy. The study of posi- 
tive rays again shows that to deprive some negatively electrified 
atoms of their charge, those of oxygen, hydrogen or carbon, for 
example, requires the expenditure of a considerable amount of 
work. We thus see many examples where the mere contact 
between the electrified body and a neutral one does not result 
in the transference of the electrification. 

Let us apply these considerations to the case of a metal 
electrode immersed in an ionised gas. From what we have 
seen, it is unlike that the mere hitting of the ions against the 
metal will result in the transference of the charge from the gas 
to the metal ; to effect this transference, in many cases at least, 
will require the expenditure of a finite amount of work. Where 
is this work to come from? The most obvious source of work 
of this kind is to suppose that if the metal is acting as an anode, 
negative ions or corpuscles accumulate in its neighbourhood, 
forming, with the surface of the anode, two layers of electrifica- 
tion, with a finite difference of potential between them. If V 
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were this difference of potential then there would be an amount 
of work, Ve, available to transfer a charge, e, from the gas to the 
metal. If we were the work required, for example, to transfer 
the negative charge on a regatively electrified oxygen ion, the 
transference of the charge from oxygen gas to the anode would 
not occur unless there was a difference of potential at least 
equal to w between the anode and the gas. Thus, we should 
expect to find considerable difference of potential between 
metal electrodes and the surroundiag gas. This consideration 
is one that should be borne in mind in interpreting the results of 
some experiments on the discharge through gases. For 
example, it is often assumed that the potential in the inter- 
stices of a piece of wire gauze is the same as that to which the 
gauze is raised by its metallic connection with a voltaic battery. 
If double layers are formed round the wire of the gauze there 
may be a considerable difference of potential between the wires 
and the open spaces, so that the establishment of a retarding 
potential V between the wires of two gauzed screens May not 
be sufficient to stop all the rays with energy corresponding to 
V from passing through the screens. An example, which is 
interesting historically, of this effect is afforded by earlier 
investigations on the cathode rays. It was at first thought 
that these could not be charged particles, because they were 
not deflected by an electrostatic field, even when the charged 
plates used to deflect the rays were placed inside the vacuum 
tube. This want oi deflection was due to the fall of potential 
between the plate being used up in the formation of double 
layers at the*r surtace, so that the greater part of the space 
between the plates was comparatively free from electric force. 
When the pressure in the vacuum tube is very much reduced, 
the effect of these double layers is diminished, though even at 
the lower pressures which are now used tor these experiments 
it 1s necessary to be alive to the fact that double layers may 
still be present, and that the electric force to which the cathode 
particles are exposed is not necessarily equal to the potential 
difference between the plates, divided by the distance by which 
they are separated, We should expect these double layers to 
be especially conspicuous in strongly electro-negative gases 
like oxygen and chlorine, which require a large amount of work 
to deprive them of their negative charge. 
ne faces instance of the formation ot a double layer is 
oo anode in a vacuum tube through which a current of 
y Is passing. This produces a change of potential 
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close to the anode amounting in many cases to more than 20 
volts, and it occurs so abruptly that it has hitherto been impos- 
sible to reach a point so close to the anode that the difference 
of potential between the anode and the point is less than this 
value. The experiments of Skinner show that it varies some- 
what with the metal of the electrode, though the variations are 
not large and it does not vary much with the current density at 
the cathcde. It is exceptionally large in chlorme. It may be 
regarded as the mechanism by which the necessary work is 
supplied (1) to get the negative charge from the ions in the 
neighbourhood, and (2) in some cases to liberate positive ions 
from the anode. | 
Experiments on the mobility, however, in the main give us 
information as to the size of the ion when it is in equilibrium 
with its surroundings ; they give us but little information as 
to what is the nature of the ions when they are first formed, and 
therefore give but little information as to the processes by 
which ionisation is effected. It is, however, the mechanism 
of this process to which I wish to direct your attention rather 
than to its final product. Many of the points in this process 
are obscure and the investigation of them difficult and com- 
plicated ; but the question is one of such importance that | 
think no apology is needed for bringing it before you this 
evening. : 
One point in the mechanism of ionisation seems quite clear— 
that is, that in, at any rate, the vast majority of cases of ionisa- 
tion of gases, one part of the-process of ionisation is the liberation 
of a corpuscle or electron. We know this, because, at very low. 
pressures, and in the case of inert gases like argon even at high 
pressures, the measurement ofthe mobility and diffusion of the 
negative ions shows that these are many hundred times greater 
than the corresponding quantities for the positive ions. At 
higher pressures, on the other hand, the difference, except in 
the case of the inert gases, is comparatively small, for here the, 
surrounding molecules have had time to condense round the 
electron and load it up before it is finally driven out of the gas. 
Thus, the process of ionisation involves the liberation of a 
corpuscle from the molecule, and is not primarily the splitting 
up of a diatomic molecule into two oppositely charged atoms. 
One part of the process of ionisation is thus the ejection of a. 
corpuscle from the molecule of the gas which is ionised. The 
violence with which the corpuscle is ejected depends to a great, 
extent on the way th? ionisation is produced, and the study of 
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the way the velocity of the corpuscle on its departure from the 
atom varies with the type of the ionising agent gives some very 
inter-sting results. When a gas is ionised by Rontgen rays 
the corpuscles are expelled from the molecules with very high 
velocities ; in fact, the experiments made on this subject point 
tothe conclusion that the velocity with which the corpuscles 
are expelled does not differ greatly, if at all, from that of the 
cathode rays, which by their impact against the anti-cathode 
generated ‘the Réntgen rays which ionised the gas. The 
existence of the high-speed corpuscles coming out of molecules 
exposed to Réntgen rays is clearly shown by C. T. R. Wilson’s 
photographs of the distribution of the ions produced when a 
gas is exposed to Réntgen rays. We see that the drops of 
water which mark the situation of the ions lie along a series of 
detached fine curves, which mark the track of the high-speed 
corpuscles emitted when the gas is exposed to the rays. These 
high-speed corpuscles ionise the gas as they pass through it, each 
one of them producing a large number of ions ; thus the greater 
part—in fact, practically the whole—of the ionisation in gases 
under Réntgen rays is produced, not directly by the rays, but 
indirectly by the rapidly-moving corpuscles which they eject. 

The velocity of these fast corpuscles does not depend upon 
the nature of the gas, nor on the intensity of the rays, but only 
upon the quality—the hardness of the rays. The harder the 
rays the greater the speed of the corpuscles. A similar result 
holds when ultra-violet light is used instead of Réntgen rays. 

_The velocity of the negative particles expelled from a metal 
plate under the influence of ultra-violet light does not depend 
upon the intensity of the light, but merely upon its wave- 
length. The experiments made by Mr. Hughes point to the 
conclusion that the velocity with which they leave the mole- 
cule, as distinguished from the velocity with which they leave 
the plate, does not depend on the kind of molecule, but merely 
on the wave-length of the light. 

Thus the velocity of the particles expelled by means of 
radiation, whether this be light or Réntgen radiation, depends 
solely upon the quality of the radiation, and when this radiation 
has, as is the case with monochromatic light or characteristic 
Rontgen radiation, a definite frequency, the energy with which 
the corpuscles are expelled from the molecule is proportional 
to the frequency of the radiation. This is a result which might 
be expected from the “ quantum” theory. The experimental 
results hitherto obtained seem on the whole to confirm this 
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result, though it must, I think, be confessed that the direct 
experimental evidence in favour of the strict proportionality 
is too meagre to enable us to maintain that it is a direct result 
of experiment. There are many points on which we have no 
direct experimental evidence; for example, the energy 
measured is the maximum energy of the ejected particles ; we 
do not know whether the energy of a corpuscle ejected from a 
molecule by monochromatic light has a constant value or 
whether it can assume a considerable range of values stopping 
at a definite maximum. The discrepancy between different 
experimenters on: this subject is considerable, and it is not 
impossible that the limit they obtain for the maximum energy 
may depend on the sensitiveness of the recording instruments 
and the excellence of the insulation. In spite of this, it is 
abundantly proved, however, that the speed of the emitted cor- 
puscles varies very rapidly with the nature of the ionising agent. 

The energy acquired by the ejected particles under the 
influence of radiation is so great that it is very difficult to 
reconcile it with the idea that the energy in the radiation is 
uniformly distributed through space. On the assumption that 
the energy is uniformly distributed, we can calculate the 
maximum electric force in a beam of light of known intensity, 
and we find, after giving the greatest possible value to any 
resonance effect, that to account for the velocity of the ejected 
particles we should require uninterrupted trains of waves 
millions of wave-lengths long. This difficulty is overcome if 
we adopt a mcdification of an idea that I put forward some 
time ago. At that time it was thought that the total number 
of ions produced when a given beam of Rontgen rays was 
absorbed in a gas was the same for all gases, and I suggested 
that the Réntgen beam was made up of units, and that when- 
ever an ion was liberated one of these units was absorbed. 
Subsequent experiments, however, showed that the number of 
ions produced by the absorption of a given beam depended to 
an appreciable extent upon the nature of the gas and also that 
the production of the ions was in the main due to the high- 
speed corpuscles ejected by the rays, and not to the rays them- 
selves. Recent experiments by Barkla and Philpotts have 
shown, however, that, though the number of ions produced 
varies with the gas which absorbs the radiation, the number of 
_ the high-speed particles ejected is invariable, so that we may 
assign to these high-speed particles the rdle which I previously 
assigned to the ions, and suppose that the liberation of a high- 
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speed particle from any gas whatever involves the destruction 
of one unit of radiation. We may picture to ourselves the 
process as being somewhat of the following type : We suppose 
that radiation, whether ordinary light or Réntgen radiation, 
is made up of units, and that these units are closed tubes of 
electric force, each tube possessing a definite amount of energy 
depending upon the type of radiation. Suppose, now, that. 
one of these closed tubes, C, travelling through space passes 
near to a molecule of a gas, and that in this molecule there is a 
tube of force passing between a corpuscle, A, and the equiva- 
lent positive charge B. If, now, the part of C which passes 
nearest to AB is in the opposite direction to AB, the two tubes 
will attract each other, C getting pulled down to AB and AB 
up to C, as in Fig. 1 (a). If this process goes on until the tubes 
come into contact, as in Fig. 1 (B), fissure will take place as in 
Fig. 1 (c), and the two tubes C and AB will be replaced by a 
long tube with its ends anchored at Aand B. Thus the clorcd 
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free tube which could travel freely through space and formed a 
unit of the radiation, has ceased to exist, and has been replaced 
by an anchored tube ; thus one unit of radiation has ceased to 
exist. The anchored tube is in a state of tension, and therefore 
pulling at the corpuscle. This pull first detaches the corpuscle 
from the molecule, and then increases its velocity, so that the 
energy which was in the tube gets communicated to the cor- 
puscle, and all but the work required to detach the corpuscle 
from the molecule appears as kinetic energy in the corpuscle. 
If the work required to detach the corpuscle is but a fraction 
of the kinetic energy it acquires, that kinetic energy will be. 
approximately equal to the energy originally in the ring C, the. 
unit of radiation, and so will practically be independent of the 
substance from which the corpuscle is liberated. 

Let us now turn to another ionising agent—rapidly moving 
electrified particles. Let us first take the case of negatively. 
electrified particles, cathode rays. We find that these cannot. 
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ionise a gas unless they possess more than a certain amount of 
energy. This amount can conveniently be expressed in terms 
of the voltage through which the atomic charge must fall to 
acquire the requisite amount of energy. This voltage, accord- 
ing to Franck and Hertz, is as follows :— 

Hg N O H Ar Ne He 

4-9 t, 9 ite 12 16 20-5 volts. 
There is no apparent connection between these quantities and 
the chemical properties of the atom, nor, what is perhaps still 
more striking, with their power of acquiring a negative charge 
- as contrasted with that of losing it. For example, neither the 
atoms of nitrogen and helium, the elements at the ends of 
these series, acquire negative charges in the positive rays, 
while those of oxygen and hydrogen readily do so ; again, 
-argon and neon, which are also in intermediate positions, 
do not. . 

When cathode rays with more than the ionising energy 

move through these gases they expel corpuscles from some of 
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the molecules against which they strike. The numerous ex- 
periments which have been made on the velocity of corpuscles 
expelled in this way have led to some extremely interesting 
results. 

It has been found that the velocity of these corpuscles is 
practically independent of the velocity of the cathode rays 
which drive them out of the molecules, and that the maximum 
energy is not above that acquired by the fall of the atomic 
charge through about 10 volts ; thus, even though the cathode 
particles have speeds corresponding to that represented by 
thousands of volts, the corpusclcs they eject, or, at any rate, the 
great majority of them, move little if at all faster than those 
liberated by rays which have a speed represented by 20 or 30 
volts. The number of the corpuscles liberated by a cathode 
particle when moving through | cm. of gas at a definite pres~ 
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sure is represented by a curve of the type shown in Fig. 2. 
The ionisation does not begin until the cathode rays have a 
certain amount of energy. It then increases rapidly, attains a 
maximum which, in the cases investigated by Kossel, was when 
the cathode rays had energy corresponding to about 300 volts, 
then diminishes slowly at first, but ultimately inversely as the 
energy of the cathode particle. A curve almost identical with 
this has been shown by Gehrts (“ Ann. der Phys., XXXVI, 
p. 1003) to represent the secondary cathodic radiation excited 
when a plate of metal is bombarded by cathode rays of different 
speeds. Here, as in the case of gases, the speed of the secondary 
rays does not seem to depend much upon that of the primary. 
The most obvious explanation of ionisation by cathode rays is 
that a corpuscle in the atom acquires from a cathode particle 
moving past it sufficient energy to enable it to escape from 
the atom. The energy Q communicated to a particle at rest 
of mass M by a moving particle of mass m, starting with the 
velocity V, is given by the equation, 
4mM 
(M+)? 
= 
Af, M 
5 e*K? ss (a 
where T is the kinetic energy of the cathode particle, e, E the 
charges on the particle and corpuscle respectively, and d the 
perpendicular from the corpuscle on the initial path of the 
particle. If the corpuscle requires an amount of energy, W, 
to free it from the atom, the particle will only eject the cor- 
pusele when 
pe { _4mM fine ) ee. 
(M+m?W J,7 M 
(ND 
mt-M 
The number of ions per centimetre of path of the cathode 
particle will be proportional to the limiting value of d?, and 
thus, regarded as a function of T, will vary as 
1f{ 4mM T .) 
T?\(M+m)? WJ 
Thus ionisation will not begin until 
(M-+m)* 
ate imu 
and will be a maximum when T has twice this’ value ; for large 
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values of T the ionisation will be inversely proportional to T. 
When we compare this with the results found by experiment 
we see that, though some of the more striking phenomena are 
accounted for by the theory, there are others which are not in 
accordance with the theory in this form. One of these is the 
fact that the energy of the primary cathode rays when the 
ionisation is a Maximum is much greater than twice the energy 
when ionisation first begins. This, however, could be accounted 
for by supposing that of the corpuscles in the atom some 
- require more energy than others to eject them from the atom. 
There may be one group that requires W, units of energy to 
escape, another W, and so on ; thus ionisation will begin when 
the primary cathode rays have energy equal to W,, and though 
‘the detachment of this group will be a maximum when the 
energy of the cathode rays is 2W,, yet, as the energy of the 
cathode rays increases, the other groups of corpuscles may 
begin to be ejected, with the result that the energy of maximum 
ionisation is raised. If there are n, corpuscles which require 
energy W, to eject them, 7, requiring W,, we are putting 
M=m in the equation that the ionisation will be a maximum 
when 


and will begin when T=W,; in this case the energy for maxi- 
mum ionisation cannot be calculated from that for initial 
ionisation. To avoid subsidiary maxima, of which the 
curves connecting the ionisation with T show no indication, 


W, must be <2W, and W3< 2inctnn Gan and so 


on. Another difficulty in the way of this theory is that, as 
Pawlow has shown, positive rays can ionise a gas when their 
energy 18 as small if not smaller than that required by 
cathode particles for this purpose. In the case of a positive 
ray colliding with a corpuscle the masses of the particles are 
so different that only a small fraction of the energy of the mov- 
ing particle can be transferred to the corpuscle ; in fact, 
the equation shows that when M is large compared with m, 


M ee 
ionisation will not occur unless i Maeyves _W,, while in the case of 


the collision between two corpuscles it might oceur Lee. 95 
thus if W, were 11 volts ionisation ought not to be produced. 
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by positive rays unless their energy were at least 1 700 x 11/4, 
or 4600 volts, whereas Pawlow has shown it occurs with posi- 
tive rays when T is less than 11 volts. Another discrepancy is 
that if the corpuscles were knocked out by direct collision we 
should expect to find the maximum velocity of ejection depen- 
dent on the speed of the particle ejecting them, whereas the 
experiments seem to prove that there is no such effect. 

- The result seems to suggest that the ejection of a corpuscle 
by a cathode particle or a positive ray is not the result of these 
colliding directly with the corpuscle, but results rather from 
the effect of the collision with the atom regarded as a whole. 
This collision produces a kind of convulsion in the atom, the 
effect of which is to eject the corpuscle from a position in which 
it was in stable equilibrium under the forces inside the atom. 
When driven out of this position it comes under the action of 
repulsive forces which eject it from the atom and the velocity 
-of projection will depend upon the forces inside the atom, and 
not upon the speed of the particle striking against it. We 
should expect this speed to be, on this view, the same whether 
the atom were struck by a positive particle or by a cathode 
ray. It is some confirmation of this view that the maximum 
number of ions produced by a cathode particle in its path 
through a gas is approximately equal to the number of colli- 
sions the particle would make with the atoms of the gas, if the 
atoms were of the dimensions usually assigned to them on the 
kinetic theory of gases. It would, however, seem likely that 
very rapid cathode particles which could penetrate right 
through the atom might be able to eject from it corpuscles 
with a greater velocity than that corresponding to 10 volts 
or so, which seems to be the limit for those ejected by more 
slowly moving cathode rays. The corpuscles ejected at a 
high speed must, however, be at most a very small fraction of 
the whole number ejected, for the photographs of the paths 
of the f particles taken by Mr. C. I. R. Wilson show that these 
paths are very rarely forked, as they would be if the atoms 
struck by the # particles gave out corpuscles moving at a speed 
comparable with that of the primary ones. Such particles 
would be able to travel a finite distance through the air, and 
. would cause the ions produced by a § ray to be distributed 
somewhat as in Fig. 3. The ‘actual photographs of the ions 
show, however, few traces of such branches, and indicate 
that the corpuscles projected from the atom have not 
sufficient speed to carry them through at an appreciable 
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distance in gases at atmospheric pressure. This result raises 
some very interesting questions as to the production of 
Rontgen radiation by the impact of cathode rays. If we take 
the situation in air as revealed by the Wilson photographs to be 
typical of that occurring when cathode particles move through 
a collection of molecules of any kind, the cathode particle 
when it strikes against an obstacle dislodges from the atoms 
through which it passes slow secondary cathode rays, losing 
energy by this process in a more or less gradual manner, the 
amount of energy lost at each collision being but a small frac- 
tion of the energy of the cathode particle. It is hardly likely 
that encounters of this kind can give rise to Réntgen rays able 
to liberate corpuscles possessing a velocity comparable with 
that of the primary cathode particle. It seems to me more 
probable that the hard Rontgen rays produced by the impact 
of the cathode particles against the anti-cathode result 
from a process the inverse of that by which we supposed 
Réntgen rays to generate high-speed cathode rays. Let us 
suppose that at the stage in this process when the cathode 
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particle had acquired its final velocity its velocity were re- 
versed, so that it retraced its path, and the whole process was 
reversed. The result would be that we should end by getting 
to the state which existed before the Rontgen ray struck the 
atom—z.e., we should get the closed tube of electric force which 
on this view constitutes a Rontgen and the cathode particle 
that was originally free would be joined up in an atom with an 
equivalent charge of positive electricity. The cathode particle 
would cease to be a cathode particle and would be imprisoned 
+a an atom, and thus the generation of a pulse of hard Rontgen 
radiation would be the swan’s song of the cathode particle, the 
birth of a Réntgen ray involving the death of a cathode 
particle. The hardness of the Réntgen rays would depend 
upon the energy of the cathode particle ; thus, those particles 
which got imprisoned before they had liberated many ions 
would produce harder Rontgen rays than those which only did 
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so after losing a large part of their energy by ionising the 
atoms through which they pass. Mr. Wilson’s photographs 
show that most of the cathode particles go on until they pro- 
duce considerably more ions per unit length at the end of their 
path than they did at the beginning, showing that at the end 
their energy is considerably smaller than it was at the begin- 
ning. Thus, a large number of cathode particles remain free 
until they have lost a considerable part of their energy, as these 
give rise to softer Rontgen rays than those which have not 
lost energy, we should expect that the Réntgen rays would 
be very far from homogencous, and would contain a consider- 
able proportion of comparatively soft rays. 

There should also be another kind of radiation produced by 
the impact of cathode rays. We have seen that these expel 
from the atoms corpuscles with a velocity not exceeding that 
due to 10 or 11 volts. Now the sudden starting of these 10 
volt. corpuscles ought to produce radiation, which, if Planck’s 
view as to the relation between frequency and energy were to 
apply to this case, would be in the Schumann region. As the 
speed of these particles does not depend much on the speed of 
the primary cathode rays or the nature of the substance, we 
should expect to get a radiation of much the same type what- | 
ever the speed of the cathode rays or the material they struck 
against. J am not aware that any invariable radiation of this 
kind has ever been observed. It would not be likely to be 
able to ionise such gases as hydrogen or oxygen, which have 
ionising potentials of more than 10 volts. It might, however, 
be able to ionise mercury vapour, for which only 5 volts are 
required, 

In many respecis the ionisation of gases by the impact of 
cathode particles shows the same characteristics as the emis- 
sion of secondary cathodic radiation when a metal plate is 
bombarded by cathode rays. This effect has been studied by 
Gehrts (‘‘ Ann. der Phys.,” 36, p. 995) and Campbell (“ Phil. 
Mag.,” Aug., 1914). There is no secondary cathodic radiation 
until the velocity of the primary rays exceeds 11 volts. It 
then increases rapidly with the speed of the positive rays, and 
attains a maximum when the speed corresponds to about 300 
volts ; it then diminishes as the voltage increases. The velo- 
city of the secondary rays is less than that due to 11 volts, and 
does not depend on the velocity of the primary rays, nor the 
nature of the material against which they strike. In all these 
respects the effects are analogous to those obtained when a gas. 
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is lonised by cathode rays, and indeed it seems clear that the 
physical processes gomg on in the two cases are identical— 
-viz., the ionisation of the atoms. In one case the atoms 
ionised are those of a gas, and in the other those of a metal or, 
perhaps, gas absorbed in the metal. The fact that the secon- 
dary radiation does not begin until the energy in the primary 
rays have the ionising potential for hydrogen suggests, as 
Campbell has pointed out, that the secondary radiation may 
come from a film of hydrogen condensed on the surface of the 
metal, and that the curves obtained may really be those for 
the ionisa ion of hydrogen and not for the atoms of the metal. 
Particles at a higher speed might be expected to penetrate the 
layer and reach the metal. It would be interesting to see 
whether there is the same connection between ionisation of 
gases and secondary cathodic radiation at high speeds as there 
is at low. The rate at which both the secondary cathodic 
radiation and the ionisation of a gas increases with the energy 
of the incident cathode rays is very rapid when this energy 
corresponds to about 11 volts, the maximum energy required to 
ionise the gas. This ionisation may be regarded as the expul- 
sion from the atom of the corpuscles which are most easily 
ejected ; there are probably in the atom other corpuscles, 
more deeply seated which demand larger amounts of energy 
for their expulsion. In this case we should expect to find 
another stage, at which the ionisation would increase rapidly 
with the energy of the incident cathode rays. No experiments, 
as far as | am aware, have been published which give indica- 
<ions of such a stage until the energy of the cathode rays is 
sufficient to excite the characteristic radiation of the metal 
against which they strike. The experiments do not, however, 
extend over a very wide range of velocities of the primary rays. 
In Gehris’ experiments, for example, the maximum energy of 
the primary cathode rays was only that corresponding to about 
600 volts. I am at present engaged with experiments on a 
point somewhat similar to this. Cathode rays, even when 
their energy does not exceed 50 or 60 volts, produce, when they 
strike against a target, appreciable amounts of very soft 
Réntgen radiation, and the experiments I am making are 
measurements of the amounts of this radiation when metals 
are bombarded with cathode rays of different speeds. If the 
atom contains a series of rings of electrons, then for each ring 
we should expect to get a special type of characteristic Rontgen 
radiations This ought to make itself apparent by an abnormal 
VOL. XXVII. H 
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increase in the radiation produced by the incident cathode rays 
when their energy passes through the values required to detach 
a corpuscle from any one of the rings; thus, if we can detect 
these increases we ought to be able to measure the number of 
rings in the atoms of the different chemical elements. The 
experiments are not yet concluded, but I hope on a future 
occasion to bring the results before the Society. I may men- 
tion, in passing, that the impact of positive rays, as well as of 
cathode rays, against a plate of metal gives rise to a very soft 
type of Réntgen radiation. 

A very important point about the velocity of the slow 
corpuscles emitted when substances are bombarded by cathode 
rays is that apparently it does not depend on the nature of 
the substance bombarded. It is to be noticed, however, that 
these substances have nearly always been in the solid state 
and liable to be coated with films of gas; the corpuscles 
may come from these films and not from the metal, so that 
the evidence on this point is not conclusive. More to the 
purpose would be measurements of the velocities of the cor- 
puscies from different gases, especially from those which, like 
helium and nitrogen, require very different amounts of energy 
to ionise them. 

Some ionisation seems to be produced by positive par- 
ticles when their energy is less than that required by cathode 
rays for ionisation. When once the cathode rays, however, 
do begin to ionise they produce far more ions than positive 
particles of equal energy. Another case when we have ionisa- 
tion produced by the impact of bodies of molecular dimensions 
is that of hot gases. In a gas at the temperature of 2,000°C. 
the average kinetic energy of the molecules is that due to the 
fall of the ohmic charge through about 0-25 volt; hence, the 
number of molecules which possessed energy corresponding to 
11 volts would be a fraction of the order e~ of the whole 
number of molecules ; a gas in which the ions were in this pro- 
portion to the molecules would have quite measurable conduc- 
tivity. If, however, the hot gas were helium, which, according 
to Franck and Pohl, requires about 22 volts to ionise it, the 
particles possessing this amount of energy would only be e-® 
of the whole number, and this fraction of ions would not pos- 
sess appreciable conductivity. It would be interesting to see 
if the conductivity of hot helium was very much less than that 
of hot hydrogen. The greater part of the ionisation of hot 
gases occurs at the junction of the gas with hot solzds, and it 
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seems reasonable to suppose that gas condensed in a layer on 
the surface of a conductor would be more easily ionised than 
the gas in a free state. It would seem, however, from recent 
experiments by Campbell that a platinum plate, probably 
coated with a layer of hydrogen is not more easily ionised by 
cathode rays than free hydrogen. 

We know that one part of the process of ionisation consists 
in the detachment of a corpuscle, but what happens to the 
rest of the molecule from which the corpuscle is detached? In 
the case of fast cathode rays we must remember that we have 
far more energy available than that which is usually supposed 
to be required for the dissociation of the molecule into atoms. 
When we study by the positive ray method the ions produced 
in a gas through which the electric discharge is passing we 
always find charged atoms of the gas through which the dis- 
charge is passing often, though not invariably, accompanied 
by charged molecules of the same gas. In this case, however, 
we have moving positive particles as well as cathode rays, and 
it might be thought that the charged atoms were produced by 
the positive rays, the charged molecules by the cathode rays. 
To test this point I used a discharge tube whose cathode con- 
sisted of a spiral of tungsten wires, the positive rays passing 
through the spiral. By heating the tungsten wire to a white 
heat it could be made to give out a large output of negative 
corpuscles, and so when the spiral was hot a larger proportion 
of the current would be carried by the negative particles than 
when it was cold. If, then, the cathode rays only produced 
charged molecules and not atoms the ratio.of the charged 
molecules to the charged atoms would be greater when it was 
hot than when it was‘cold. I found, however, that the pro- 
portion of charged molecules of hydrogen to charged atoms was 
less for the hot tungsten than the cold, and hence I conclude 
that ionisation by fast cathode rays is frequently accompanied 
by the dissociation of the molecule into atoms. Whether this 
is so or not, when Rontgen rays expel high-speed. corpuscles 
from gases through which they pass is a question on which, a; 
far as 1 know, we have at present no evidence. 

ABSTRACT. 

Tonisation is the. process by which ions—particles charged with 
electricity—are produced in a solid, liquid or gas. This address 1s 
confined to the consideration of ions in gases and deals with two 
questions—(1) the nature of the ions, (2) the process by which they are 
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produced. The evidence as to the nature of ions is derived from 
experiments on their mobility which have shown :— 

a. The mobility of a positive ion depends only on the gas through 
which the ions are moving and not on the nature of the gas out of 
which the ions are formed. ae 

8. The mobility of the ions in a gas at constant density is inde- 

nt of the temperature. 
ee ee are a pase: number of gases in which the mobility 
is very approximately inversely proportional to the square root of 
the density of the gas. 

8. In the case of negative ions there is an abnormal increase of 
mobility when the pressure is reduced below a certain value, and 
there is some evidence that this is also the case for positive ions at 
very low pressures. 

Two theories of the mobilities of ions were considered, one founded 
on the view that the action between ions and molecules is analogous 
to impacts between hard elastic spheres, the other on Maxwell's 
theory of forces between ions and molecules varying inversely as the 
fifth power of the distance between them. 

It is shown that a follows from the second theory provided the 
ion is a cluster whose mass is considerably greater than that of a 
molecule of the gas through which it is moving. On this supposition 
it follows also from the first theory if we suppose in addition that all 
ions in a given gas are of the same size. 

(8) follows at once from the second theory ; to explain it on the 
first theory we must suppose that the size of the ion varies with the 
temperature in a definite way. The necessary relation can be deduced 
from thermodynamical principles if we suppose that the force 
between an ion and a molecule is analogous to that between a charged 
point and a sphere which is either a conductor of electricity or has a 
high specific inductive capacity. 

(y) requires on theory one that the ions in these gases should be of 
the same size, on theory two that the molecules of these gases should 
exert the same force on a charged point at a given distance. 

(5) follows on either theory if the ion dissociates at low pressures 
so that free corpuscles are present in the gas. 


With regard to the process of ionisation, the first stage of this in 
the vast majority of cases consists in the detachment of an electron 
or corpuscle, Evidence as to the method by which this takes place 
is afforded by determinations of the velocity with which the electrons 
are ejected from the body. 


In the case of ionisation by light or Réntgen rays, this velocity 
depends primarily on the wave-length of the radiation, not upon its 
intensity, nor, at any rate to any great extent, on the nature of the 
molecule from which the corpuscle is ejected. This velocity is far 
greater, even when every allowance is made for resonance, than can 
be accounted for if we suppose that the energy of the light is uni- 
formly distributed, and that the corpuscle acquires its velocity by 
the action on it of the electric forcein the wave. Another explanation 
not open to these objections was put forward. 


When ionisation is due to the action of mo 


sa ving electrified particles, 
whether positiv 


e or negative, the results are quite different. The 
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velocity of the ejected particles (d-rays, as they are sometimes 
called) does not seem to vary much, if at all, with the velocity of the 
particles which eject them, and is of the same order whether these 
particles are positive rays or the much swifter cathode rays. The 
method of ejection by the impact of such particles was considered, 
and suggestions as to a possible theory and some of its consequences 
thrown out. 

Dr. R. T. GLAZEBROOK, in moving a vote of thanks to the President, 
said that one expected, when listening to Sir J. J. Thomson, to be 
carried to the bounds of knowledge by one who had taken no small 
part in the extension of these bounds, and he was confident that none 
of those present had been disappointed in that expectation. He 
asked the President, on behalf of the Society, to allow his address to 
be published in full in the “ Proceedings.” 

Dr. C. Curee seconded the vote of thanks, which was carried with 
enthusiasm. 
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